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An Overview of the ITER Project (PL1-O-574) 

Norbert Holtkamp

Cadarache Joint Work Site Building 507 13108 St Paul lez Durance France

With the choice of the ITER construction site at Cadarache in June 2005, and the gradual selection of the ITER Project Team who will

supervise the construction, the Project is now in a phase of ever heightening activity, increasingly focussed on the immediate needs of

implementation, and increasingly attracting and stimulating the interest of the general public.   

The new organisation is currently being shaped, and the recruitment process has begun for the most senior members of the future ITER

Staff.  This allows technical preparations for construction to continue smoothly until the ITER Organisation can be set up.  The greatest

efforts are being made, both in the transition plans and in the new organisation, to preserve the legacy of technical knowhow built up in

the central team since 1992. The new organisation is particularly strong initially in the most urgent areas, related to long lead items -

magnets, the main vessel and the buildings - as well as in work related to licensing.  But the team also incorporates new functional

needs - financial, administrative, and procurement - and moves to tie in better the needs of future users in the diagnostic, heating, and

test blanket development areas.  Over the last two years, internal systems have also been built up, and project control procedures

gradually tightened, with a view to satisfying licensing requirements and assuring the highest quality device. 

Since the bulk of the procurement for ITER will be provided in kind by the ITER Parties, efforts have been strengthened to define

better the future links to and responsibilities of the Domestic Agencies.  The agreed sharing of the procurement at the negotiation level

has needed to be transferred into realistic technical splitting of the work, and this process is still underway. Also the procedures have

been established which are to be followed in order to minimise the risk to the Parties of project time or cost overruns.  

The design of course has evolved in its details along with the surrounding technical context since originally conceived and valued five

years ago.  Design reviews of specific procurements have therefore been or are to be made to ensure the current manufacturing and

design assumptions continue to satisfy the requirements.  Regarding licensing, considerable effort is being made to tailor the

documentation and underlying analyses to satisfy the norms the French licensing authority is familiar with, and to anticipate the

requirements for a speedy licensing process.  A public debate process has also been passed successfully.

This paper will review the current status of development of the ITER Project, covering both organisational and technical issues.
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THE CONTRIBUTION OF JET TO ITER (PL1-O-551) 

Jerome Pamela(1), M. L. Watkins(2), A. Lioure(2), G. Matthews(3), V. Philipps(4), C. Grisolia(5), T. Jones(3), M.

Nightingale(3), F. Durodié(6), A. Murari(7), A. Géraud(8)

1. EFDA-Close Support Unit, Culham Science Centre  Abingdon UK
2. EFDA-JET, Culham Science Centre  Oxfordshire OX14 3EA Abingdon UK
3. EURATOM/UKAEA Fusion Association Culham Science Centre OX143DB Abingdon United Kingdom
4. Forschungszentrum Jülich GmbH, EURATOM-Association  D-52425 Jülich 52425 Jülich Germany
5. Association Euratom-CEA, CEA/DSM/DRFC CEA-Cadarache 13108 ST PAUL-LEZ-DURANCE France
6. Association EURATOM-Belgian State, Ecole Royaly Militaire Avenue de la Renaissance 30 B-1000 Brussel BELGIUM
7. Associazione EURATOM- ENEA sulla Fusione, Via Enrico Fermi 45, I-00044 Frascati (RM), Italy
8. Association Euratom CEA, CEA/DSM/DRFC Cadarache 13108 St Paul Lez Durance France

The mid-term JET experimental programme will exploit the recently enhanced scientific capabilities of

the JET tokamak. The divertor has been modified allowing high triangularity ITER relevant scenarios

to be run at high plasma current; sixteen new or upgraded diagnostics are being made operational and a

new ITER-like Ion Cyclotron Resonant Heating (ICRH) antenna will be installed for operation in 2007.

The experimental campaigns will be devoted to studying critical issues potentially impacting the

detailed design of ITER components (e.g. first wall, heating and current drive systems, diagnostic) and,

in parallel, aiming at further developing ITER operating scenarios and address specific physics issues of

direct relevance to ITER (e.g. transport physics, burning plasma physics).

For the longer term, work on a “JET programme in support of ITER” has begun, which aims at making

optimal use of JET’s unique features: large plasma size and capability to handle beryllium (Be) and

tritium (T).

ITER is currently designed to have a beryllium-clad first wall, tungsten (W) brushes at the divertor

entrance and carbon fibre reinforced carbon (CFC) tiles at the divertor strike points. This combination

of materials has never been tested in a tokamak. The ITER-like wall project on JET, planned for

installation starting mid 2008, will use a combination of Be on the first wall, bulk-W and W-coated

CFC tiles in the divertor. W-coating and bulk W technologies have been selected as result of one year

of intensive R&D. The experimental programme will include T-retention studies, material erosion and

migration, mixed materials effects, melt layer behaviour and impurity control, and operational scenario

compatibility with a Be/W material mix.

Techniques for avoiding the issues caused by the effects of expected large Edge Localised Modes

(ELMs) on the walls and divertor in ITER will be tested in JET with the installation of a pellet injector

with a high repetition rate (up to 50 Hz), for ELM pace making as demonstrated on ASDEX Upgrade.

In order to increase the ITER-relevance of the plasma scenarios, additional neutral beam heating power,

up to 36 MW for 20s (compared to 25 MW for 10s presently) will be provided by upgrading the

existing beam boxes and power supplies for operation at higher current. Phasing the two beam boxes

will make it possible to deliver 17-18 MW of neutral beam power for up to 40s, for full exploitation of

the pulse length capability of the JET machine. This will be essential ingredient to progress, in

particular, hybrid and advanced scenarios for ITER, which require full or partial current profile control.

Finally, diagnostics required to support further developments of ITER plasma scenarios, as well as

ITER diagnostics that need to be tested on JET, such as fast wave reflectometer and radiation hard hall

probe, will be implemented mostly by upgrading existing systems.

Besides tokamak experiments, the JET activities in support of ITER include also technology R&D. A

particular focus has been put recently on activities aiming at characterising dust and erosion/deposition

areas in JET, improving in-situ T removal techniques and providing support in topics relevant to the

licensing of ITER.
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The EU/JA Broader Approach Activities (PL1-O-550) 

Shinzaburo Matsuda

Japan Atomic Energy Agency Sumitomo Fudosan Ueno blg. No8, 7F 110-0015 Higashiueno 6-9-3, Taito-ku, Tokyo Japan

At the time of ITER site decision in Moscow on 28 June 2005, representatives of EU and Japan jointly declared their intention to

implement Broader Approach Activities in support of ITER on a time frame compatible with its construction phase. 

On the basis of this declaration, working groups from the Parties were established to identify possible key areas of joint activities. As a

result of intense discussions, agreement has been reached by both Parties as follows. 

The Broader Approach Activities comprise the following three projects:

1) Engineering Validation and Engineering Design Activities for the International Fusion Materials Irradiation Facility

(IFMIF/EVEDA)

2) the International Fusion Energy Research Center (IFERC), comprising:

a)A DEMO Design, R&D coordination Center aiming at establishing a common basis for a DEMO design,

b)A Computational Simulation Center composed of super-computer facilities for large scale simulation activities, and

c)An ITER Remote Experimentation Center to facilitate broad participation of scientists into ITER experiments.

3) the Satellite Tokamak Programme including participation in the upgrade of JT-60 Tokamak to an advanced superconducting

tokamak and participation in its exploitation, to support ITER and research towards DEMO. 

The Parties shall establish a Steering Committee responsible for the overall direction and supervision of the activities. Each project is

lead by the respective Project Leader supported by the Project Team. A Project Committee is established for each project to make

recommendations to the Steering Committee and monitor the progress of the project. Each Party shall nominate an agency to discharge

its obligations for the implementation of these projects. Resources for the Broader Approach Activities shall be equally shared by EU

and Japan, contributed mostly in–kind, and allocation of procurements, tasks and responsibilities have been identified. The

IFMIF/EVEDA and IFERC projects will be implemented at Rokkasho while the Satellite Tokamak Programme at Naka, Japan. These

activities are open to other ITER Members.
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Status of Wendelstein 7-X Construction (PL2-O-561) 

Felix Schauer

Max Planck Institut für Plasmaphysik IPP Wendelsteinstrasse 1 17491 Greifswald Germany

The stellarator Wendelstein 7-X (W7-X) is presently under construction at the Greifswald branch institute of IPP. It shall demonstrate

the reactor potential of a Helias-type stellarator. The steady state magnet field for confining the plasma is generated exclusively by

external superconducting modular coils. 

The W7-X field configuration has a five-fold symmetry and is described by a rotational transform near unity (i.e. low shear). Five

identical modules build up the magnet system where each module in turn consists of two flip-symmetrical half-modules (HM) which

encompass 5 non-planar (npl) and 2 planar (pl) superconducting coils of different geometries each. In total this gives 50 npl and 20 pl

coils where all 10 coils of a type are connected electrically in series by superconducting bus-bars. These seven sub-magnets are fed by

one pair of current leads each and are adjustable individually. The npl coils produce the stellarator field proper, whereas the pl coils are

intended to enhance the experimental flexibility by varying the field configuration. 

Main coil components are the winding pack made up of a cable-in-conduit conductor and electrical insulation, and the massive steel

housing. The latter is part of the mechanical structure which has to accommodate to the enormous magnet forces. Welded, bolted and

gliding structure elements between the coils support the inter-coil forces, and bolted flange connections transfer the magnetic and

weight forces to the central support ring which rests on five pillars.

The cold magnet system is contained within the evacuated cryostat which is composed of the plasma vessel  acting as the inner cryostat

wall, the outer vessel, and the ports which connect both vessels and serve as feedthroughs to the plasma. The inner cryostat surfaces are

covered with thermal insulation consisting of heat reflecting foils and an actively cooled heat radiation shield.

Main components within the PV are the divertor units, wall protection, cryo-pumps, and the (normal conducting) control coils.

Important peripheral and auxiliary installations necessary for W7-X operation are the power supplies for the magnet and control coils,

the cryostat and PV vacuum equipment, the plasma heating systems, cryogenic and water cooling facilities, gas supplies, and

diagnostic, instrumentation and control systems.

While final design and construction of most of these components is progressing well, a number of problems have been encountered at

coil manufacture which led to significant delays in coil delivery and thus in the schedule. Difficulties emerged also during the design of

the highly loaded mechanical structure which required considerably more development work than originally planned. 

A report will be given on the status of manufacture and assembly of the main components. The problems as well as the strategies for

their solution will be discussed.
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EU Developments of the ITER ECRH System (PL2-O-554) 

Mark Henderson

CRPP EPFL 1015 Lausanne Switzerland

The electron cyclotron (EC) heating and current drive (H&CD) system of ITER will deliver 20MW/CW in the plasma at 170GHz for

H&CD in addition to 2.5MW/3s at 120GHz for plasma start-up. The EC system is composed of power supplies (PS), up to 24 H&CD

gyrotrons (1 to 2MW tubes), 3 start-up gyrotrons (1MW tubes), 24 transmission lines and two sets of launching antennas: equatorial

(EL) and upper (UL) launchers. Under the present ITER procurement package the EU is responsible for one third of the H&CD 170

GHz gyrotrons, all PSs associated with the H&CD system, and the whole set (4) of upper launchers.

In all areas of participation, the EU EC partnership (coordinated by the European Fusion Development Association - EFDA) aims

toward advancing the technology of each of these subsystems. For example, procurement of Pulse Step Modulator (PSM) HVPS is

under consideration, which might have equivalent costs to the present ITER design (thyristor HVPS and HV series switch), but with an

increased flexibility in operation and variation in the EC power waveform. The EU is at the forefront in gyrotron research and is

developing a 2MW CW 170GHz coaxial cavity gyrotron offering an increase in output power while maintaining moderate power

densities in the gyrotron cavity and collector. THALES® in collaboration with its EFDA partners (FZK, CRPP, TEKES) is

manufacturing a series of prototype tubes in three phases of typically 1s, 100s and then CW pulse capacity (~2010). A 2MW, CW

gyrotron test facility is being built at CRPP that will be used to develop the 2MW coaxial tube, in addition to testing various

components required by the EC system.

EFDA has undertaken a parallel development of two launcher options: front (FS) and remote (RS) steering, with the aim of providing

an optimum launcher for ITER weighing EC physics aspects and operation reliability. The FS launcher (ITER reference design) offers

a significant enhancement in physics performance, while the RS (backup solution) offers a remote steering mirror far from the plasma

for simplified ex-vessel maintenance access. The principle role of the UL is to stabilise neoclassical tearing modes. However, an

enhanced performance UL launcher is under investigation by EFDA, seeking synergy between the EL and UL that would extend the

physics potential of both launchers for an enhanced ITER EC physics performance, while at the same time relax some of the

engineering requirements.
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An Overview of the EAST Project (PL2-O-146) 

Songtao Wu

Institute of Plasma Physics, Chinese Academy of Sciences 350 Shushan Road 230031 Hefei P.R. China, Anhui

The China national project of Experimental Advanced Superconducting Tokamak (EAST) has been in its final engineering phase in the

Institute of Plasma Physics, the Chinese Academy of Sciences (ASIPP). The year of 2006 is the important year for the EAST project.

After six years hard work, the first engineering commissioning of EAST superconducting tokamak began with vacuum pumping on 7,

Feb.  The first charge of one of the PF coils was made on 13, Mar. 

The EAST superconducting tokamak is a full superconducting tokamak with a non-circle cross-section of the vacuum vessel and active

cooling plasma facing components. The scientific and the engineering missions of the EAST project are to study physics issues of the

advanced steady-state tokamak operations and to establish technology basis of full superconducting tokamaks. The EAST project

features both superconducting toroidal field (TF) coils and poloidal field (PF) coils, continuous working (CW) non-inductive plasma

current drive and heating systems, flexible and reliable PF system design to shape and control plasmas with big elongations and

triangularity, real time data collection and feedback for steady-state profile control, active cooling and changeable plasma facing

components (PFC) and advanced diagnostic measurements. 

During the past five years, the main R&D mainly focused on the design, fabrication and test of 16kA CICC (Cable-in-Conduit

Conductor) and the large scale superconducting magnet has been completed. The test results shown the performances of all

superconducting magnets are well acceptable. 

For the deadlock configuration among the main components of the superconducting tokamak, the first commissioning was taken

without the vacuum vessel ducts for easily disassembling if some important problems were found. In the commissioning, the TF system

was charged up to 8 kA in 5000s and the toroidal field at the major radius of 1.7m is 2T, which is 60% of the designed value. The

reason why the TF system was not charged to the nominated value of 14.5kA is insulation problem caused by temperature sensors on

the current leads, which has been fixed now. The 2kW/4.5K cryogenic system worked pretty well and its refrigeration ability is even

0.4kW higher than the designed value. The vacuum pumping system worked very well. The highest vacuum in the cryostat reached

3.8×10-5 Pa, which is above the operation requirement of 2×10-4 Pa. Four sets of PF power supply system and TF power supply

system were used to different coils and had been tested successfully. The results show that the systems are satisfactory and reliable.

Quench detection and magnetic diagnostics obtained large amount of data which are very useful to getting reliable quench protection

and magnetic configuration for setting a reliable data base for internal components installation in near future. Technical diagnostic

system has been tested. The temperature and the joint resistance measurements showed reasonable results. The total eighty-seven joint

resistances are not more than 10n&#61527; that met the design and operation requirements. Main control system, data acquisition

system, plasma control system, the interlock and safety protection system have been tested. The systems met the requirement of

commissioning operation.

In the paper, the R&D activities, the main commissioning results and the future operation plan will be introduced.
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The ITER Neutral Beam system: status of the project and review of the main

technological issues (PL3-O-564) 

Vanni Antoni

Istituto Gas Ionizzati, Consiglio Nazionale delle Ricerche, Consorzio RFX Corso Stati Uniti 4 35127 PADOVA ITALY

Neutral Beams in ITER must provide a significant fraction of the auxiliary heating since the beginning of the operations. Each Injector

of the Neutral Beam system has to deliver a power up to 16.5MW and must guarantee steady operation for one hour in H or in D. In

order to deposit the power in the core plasma and to fulfil the power requirements, the Neutral Beam Injector (NBI) must provide up to

1MV acceleration of negative ions for a total current of 40A. Compared with the existing NBI based on negative ions technology, the

project represents a substantial step forward especially in terms of accelerating voltage and pulse length. In this presentation the basic

concepts of plasma and beam physics relevant to understand the underlying technology, will be introduced and the status of the art of

the international R&D activities briefly reviewed. The updated design of the NBI will be illustrated, presenting the latest results of the

broad revision activity performed in the framework of the European tasks in preparation for the ITER construction.

Special emphasis will be devoted to the discussion of the main technological issues still open. The alternative concepts at present under

discussion for three key components, namely the  Ion Source, the Accelerator and the Residual Ion Dump, will be presented and the

different designs compared. Finally the European activities aimed to build and operate a Test Facility where to install and thoroughly

test the first ITER NBI before its operation in ITER, will be presented and a tentative procurement and operational plan will be

discussed.
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THE ITER TRITIUM SYSTEMS (PL3-O-560) 

Manfred Glugla(1), A. Antipenkov(2), S. Beloglazov(2), C. Caldwell-Nichols(2), I.-R. Cristescu(2), I. Cristescu(2), C. Day(2),

L. Doerr(2), J.-P. Girard(3), E. Tada(3)

1. Tritium Laboratory, Forschungszentrum Karlsruhe Postfach 3640 76021 Karlsruhe Germany
2. Forschungszentrum Karlsruhe PO Box 3640 D-76021 Karlsruhe Germany
3. ITER Cadarache Joint Work Site CEA Cadarache 13108 St. Paul lez Durance France

ITER is the first fusion machine fully designed for operation with equimolar deuterium-tritium mixtures. The tokamak vessel will be

fuelled through gas puffing and pellet injection, and the Neutral Beam heating system will introduce deuterium into the machine.

Employing deuterium and tritium as fusion plasma fuel has quite a number of consequences. Besides the neutron load to structural

materials and its activation a closed deuterium-tritium fuel cycle is required, along with all the auxiliary systems necessary for the safe

handling of tritium. Not only for ecological, but also for economical incentives as much tritium as possible needs to be recovered from

the off-gases of ITER systems.

The tritium for ITER operation will essentially be supplied from external sources. However, all participating teams are planning to test

different breeding blanket modules. Tritium produced will need to be extracted and removed from blanket purge and cooling streams,

accounted for and eventually merged into the inner fuel cycle. Nevertheless the quantities of tritium made available in this way will be

very small.

The ITER inner fuel cycle systems are designed to process considerable and unprecedented deuterium-tritium flow rates with high

flexibility and reliability. High decontamination factors for effluent and release streams and low tritium inventories in all systems are

needed to minimize chronic and accidental emissions, respectively. In all phases of ITER planning comprehensive R&D work was

carried out and is still ongoing to validate fuel cycle systems design and to support construction. Recent experimental activities focused

on integrated operation of cryogenic isotope separation and water detritiation by catalytic exchange combined with electrolysis, on

parametric tests of a 1:2 scale model cryopump and investigation of cryogenic aspects under LOVA events (air in-break), on large scale

tritium testing of an ITER relevant cryosorption panel, on prototype components tests such as a self assaying metal hydride storage bed,

on tritium compatible mechanical fore-pumping trains and on roots blowers modified for tritium handling.

Based on R&D results the design and layout of the ITER tritium systems needs to be further detailed, taking into account results from

safety considerations. Thereby extensive use of validated computer modeling is being made to study the dynamic behavior of the fuel

cycle systems. Not only the interfaces between the fuel cycle systems procured through different parties, but also those to auxiliaries

such as Atmosphere Detritiation Systems or those to buildings are calling for definition and analysis for proper design integration.

Considering the complexity of the systems the configuration management and interface control can only be administrated employing

appropriate tools. Consequently the CATIA V5 Equipment and Systems software packages is currently being customized, also to assure

that the design will comply with the codes and standards finally chosen.

The paper will review the tritium systems of ITER, will report on selected recent R&D results, will summarize the design status of the

Tritium Plant and will identify future work towards plant integration.
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Review of Nb3Sn conductors for ITER (PL3-O-552) 

Daniel Ciazynski

Association Euratom-CEA, CEA/DSM/DRFC Centre de Cadarache F-13108 St Paul Lez Durance France

The magnetic system of ITER is a key component of the machine, not only from the cost point of view, it amounts for about 30% of the

machine cost, but also from the performance point of view since any magnet limitation in this field will undoubtedly limit the capability

of the whole machine. The ITER magnets experiencing high magnetic field (11.5-13 T range), namely the Central Solenoid (CS) and

the Toroidal Field (TF) system, will make use of complex conductors using Nb3Sn as superconducting material. This superconductor

has superior capability compared to the NbTi alloys used in usual superconducting magnets such as MRI magnets, but shows sensitivity

to strain. The two ITER model coils (CSMC and TFMC) tested in 2000-2002 have given confidence in the industrial feasibility and the

operating capability of the ITER magnets, as both were able to reach their nominal operating point without trouble. However, later

analyses of these coil test results in terms of temperature margin have shown a degradation compared to expectations drawn from the

properties of the basic strand composing their conductors. Taking advantage of the progress made by the superconductor industry since

the model coil fabrications, the ITER Nb3Sn conductors have been re-designed using higher performance (advanced) strands to recover

the original designed temperature margin without changing the conductor envelopes. Two types of action were then initiated among the

ITER Participant Teams: first a short R&D program was launched to understand the source of degradation which has been suspected to

be the bending of the strands inside the cable under the electromagnetic load, and second, more pragmatically, new strands were

ordered to industrial companies, to test them, and then to build and test full-size conductors using these strands. To get rapidly

experimental results, the European Union fabricated and tested by mid 2006 two full-size conductor samples using the TFMC

conductor design but with advanced Nb3Sn strands. A third conductor using the ITER TF conductor design should be tested at the end

of 2006. The test results of the first two full-size EU conductors can be compared to the properties of their basic strand and to the test

result of the TFMC conductor, they can also be assessed with regard to the expected performance of the ITER conductors. This work

gives the opportunity to discuss the way to extrapolate strand and full-size short sample test results to the ITER coils.
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European technology activities to prepare for ITER component procurement

(PL4-O-571) 

Maurizio Gasparotto

EFDA CSU-Garching Boltzmannstr. 2 D-85748 Garching bei München Germany

Over the past few years the technology activities of the European fusion programme have principally been devoted to:

a) the completion of design and R&D studies in preparation for the procurement of ITER systems and components in close

collaboration with the ITER team and according to the ITER design and schedule;

b) provision of support to European industry and associations in key areas of fusion R&D to ensure a competitive and timely approach

to the planned procurement.

The EU contribution to ITER design and R&D activities has been maintained at a significant level with the objectives of:

• continuing, and in some areas expanding, the effort in areas where design and R&D are still required: in particular in Machine

Assembly, Remote Handling, ITER Test Blanket Modules, Diagnostics, Heating and Current Drive Systems.

• continuing and completing manufacturing R&D to determine the most technically and cost affective manufacturing methods for ITER

components to be built in Europe.

• preparing new test facilities needed during ITER construction (DIPOLE, HELOKA, DTP-2, ECRH Test Facility, Fatigue Testing

Facility).

• supporting the European site preparation process and the preparation of safety and licensing documentation for ITER in Cadarache.

• maintaining support to EU industries in R&D activities of relevance to fusion.

To support the ITER Design activities and to prepare for the provision of timely answers to key issues, which may be raised during the

ITER design review, support from specialized companies has been set-up in the fields of Civil and General Plant Engineering,

Mechanical Engineering / Components, Mechanical Engineering / Systems & Plants, Remote Handling & Assembly, Electrical

Engineering, Nuclear Safety Engineering.

In recent years major efforts have been directed towards the technology development of the ITER components for which procurement

can be launched during the first years of the construction phase. In particular the manufacturing feasibility of the superconducting

strand for the toroidal and poloidal field coils and of the toroidal field coils has been demonstrated, Studies of manufacturing techniques

for the vacuum vessel, blanket modules and divertor are also in progress, and a number of EU industries have been prepared to

successfully participate to the ITER construction.

The paper will report on the main R&D activities performed in the EU and the major achievements in preparation for ITER component

procurement.
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ITER Safety and Licensing (PL4-O-303) 

Jean-Philippe GIRARD(1), Pascal GARIN(2), Neill TAYLOR(1), Joëlle UZAN-ELBEZ(2), Werner GULDEN(3), Lina

RODRIGUEZ-RODRIGO(3)

1. ITER Cadarache Joint Work Site CEA Cadarache 13108 St. Paul lez Durance France
2. Agence ITER France Cadarache  F-13108 St Paul Lez Durance France
3. EFDA CSU-Garching Boltzmannstr. 2 D-85748 Garching bei München Germany

The site for the construction of ITER has been chosen in June 2005. The facility will be implemented in Europe, south of France close

to Marseille. The generic safety scheme is now under revision to adapt the design to the host country regulation. Even though ITER

will be an international organization, it will have to comply with the French requirements in the fields of public and occupational health

and safety, nuclear safety, radiation protection, licensing, nuclear substances and environmental protection. The organization of the

central team together with its partners organized in domestic agencies for the in-kind procurement of components is a key issue for the

success of the experimentation.

ITER is the first facility that will achieve sustained nuclear fusion. It is both important for the experimental one-of-a-kind device, ITER

itself, and for the future of fusion power plants to well understand the key safety issues of this potential new source of energy

production.

The main safety concern is confinement of the tritium, activated dust in the vacuum vessel and activated corrosion products in the

coolant of the plasma-facing components. This is achieved in the design through multiple confinement barriers to implement the

defence in depth approach. It will be demonstrated in documents submitted to the French regulator that these barriers maintain their

function in all postulated incident and accident conditions.

The licensing process started by examination of the safety options. This step has been performed by Europe during the candidature

phase in 2002. 

In parallel to the final design, and taking into account the local regulations, the Preliminary Safety Report (RPrS) will be drafted with

support of the European partner and others in the framework of ITER Task Agreements.

Together with the license application, the RPrS will be forwarded to the regulatory bodies, which will launch public hearings and a

safety review. Both processes must succeed in order to start the nuclear buildings construction. In parallel, France, responsible for site

preparation will also launch authorisation requests to enable standard constructions, electric supply, site clearance and road upgrades

for heavy load transportation, which are not safety-related permits but have to follow an administrative approval. The Agency ITER

France,representing the future Organisation on behalf of ITER partners, is already participating to public debates organized by an

independent authority.
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Development, simulation and testing of structural materials for DEMO

(PL5-O-553) 

Rainer Laesser(1), N. Baluc(2), J.-L. Boutard(3), E. Diegele(3), S. Dudarev(4), M. Gasparotto(3), A. Möslang(5), R.

Pippan(6), B. Riccardi(3), B. van der Schaaf(7)

1. EFDA Close Support Unit Garching Room 212, Building D1, Boltzmannstrs. 2 D-85748 Garching Germany
2. CRPP-EPFL, Fusion Technology Materials ODGA/110 5232 Villigen-PSI Switzerland
3. EFDA CSU-Garching Boltzmannstr. 2 D-85748 Garching bei München Germany
4. EURATOM/UKAEA Fusion Association Culham Science Centre OX143DB Abingdon United Kingdom
5. Forschungszentrum Karlsruhe, Institute for Materials Research I P.O. Box 3640 76021 Karlsruhe Germany
6. Erich Schmid-Institute Jahnstraße 12 A - 8700 Leoben Austria
7. NRG P.O. Box 25 1755 ZG Petten The Netherlands

In DEMO the structural and functional materials of the in-vessel components will

be exposed to a very intense flux of fusion neutrons with energies up to 14 MeV creating

displacement cascades and gaseous transmutation products. Point defects and

transmutations will induce new microstructures leading to changes in mechanical and

physical properties such as hardening, swelling, loss of fracture toughness and creep

strength. The kinetics of microstructural evolution depends on time, temperature and

defect production rates.

The structural materials to be used in DEMO should have very special properties:

high radiation resistance up to the dose of 100 dpa, low residual activation, high creep

strength and good compatibility with the cooling media in as wide a temperature

operational window as possible for the achievement of high thermal efficiency. The most

promising materials are: Reduced Activation Ferritic Martensitic (RAFM) steels (Eurofer

and F82H), Oxide Dispersion Strengthened (ODS) RAFM and RAF steels, SiC fibres

reinforced SiC matrix composites (SiCf/SiC), tungsten (W) and W-alloys. Each of these

materials has its advantages and drawbacks and will be best used under certain conditions.

Presently the best studied group of materials are the RAFM steels. They require the

smallest extrapolation for use in DEMO but also offer the lowest upper temperature limit

of operation (550°C) and thus the lowest thermal efficiency. The other materials foreseen

for more advanced breeder blanket and divertor concepts require intense fundamental

R&D and testing before their acceptance, whereas the so-called Test Blanket Modules

(TBMs) will be constructed using RAFM steel and tested in ITER.

Validation of the DEMO structural materials will be done in IFMIF, the

International Fusion Materials Irradiation Facility, which will produce neutron damage

and transmutation products very similar to those characterising a fusion device and will

allow accelerated testing with damage rates up to 40 dpa/fpy in a limited volume.

Recent advances in multiscale materials modelling have significantly improved

the understanding of the processes leading from the atomistic defects to the changes of

macroscopic properties. In future modelling will become an important tool for correlating

experimental results achieved under different irradiation conditions (material testing

reactors, fast reactors, accelerators, etc.), optimisation of the IFMIF test matrix and

extrapolation to DEMO relevant operation parameters.

This paper will describe the most promising structural materials with focus on

Eurofer, present recently obtained results, simulations and testing, and will also address

open material aspects on the path to DEMO.
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Michael Kaufmann

Association EURATOM/Max-Planck Institute for Plasmaphysik IPP D 85748 Garching GERMANY

In the PLT tokamak with a tungsten limiter strong cooling of the central plasma was observed. Since then mostly graphite has been

used as limiter or target plate material. Only a few tokamaks (limiter: FTU, TEXTOR; divertor: Alcator C-Mod, ASDEX Upgrade)

gained experience with high-Z-materials. With the observed strong co- deposition of tritium together with carbon in JET and as a result

of design studies of fusion reactors, it became clear that in the long run tungsten is the favourite for the first-wall material. Tungsten as

a plasma facing material requires intensive research in all areas, i.e. in plasma physics, plasma wall-interaction and material

development. Tungsten as an impurity in the confined plasma reveals considerable differences to carbon. Strong radiation at high

temperatures, in connection with mostly a pronounced inward drift forms a particular challenge. Turbulent transport plays a beneficial

role in this regard. The inward drift is an additional problem in the pedestal region of H-mode plasmas in ITER-like configurations. The

erosion by low energy hydrogen atoms is in contrast to carbon small. However, erosion by fast particles from

heating measures and impurity ions, accelerated in the sheath potential, play an important role in the case of tungsten. Radiation by

carbon in the plasma boundary reduces the load to the target plates. Neon or Argon as substitutes will increase the erosion of tungsten.

So far experiments have demonstrated that in most scenarios the tungsten content in the central plasma can be kept sufficiently small.

The material development is directed to the specific needs of existing or future devices. In ASDEX Upgrade, which will soon be a

divertor experiment with a complete tungsten first-wall, graphite tiles are coated with tungsten layers. In ITER, the solid tungsten

armour of the target plates has to be castellated because of its difference in thermal expansion compared to the cooling structure. In a

reactor the technical concept depends on the cooling medium water or helium. The latter requires relative high pressure of the coolant.

Specific developments are devoted to the suppression of the production of volatile tungsten oxide in case of a loss of coolant accident,

to reduce the risk of releasing radioactive material. Altogether tungsten as the plasma facing material looks promising but a series of

open questions still have to be solved.
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David Ward

Theory & Modelling Department, Euratom/UKAEA Fusion Association Culham Science Centre OX14 3DB Abingdon UK

The world demand for energy is projected to more than double over the next 50 years, indeed this will be essential to bring much of the

world out of poverty. At the same time there is increasing pressure to substantially reduce atmospheric pollution, most notably of

carbon dioxide. Together, these conflicting goals drive a need to produce enormous amounts of non-carbon energy supply, much

greater than our total present energy supply. This presents an enormous challenge.

As one of very few options for large-scale, non-carbon future supply of energy, fusion has the potential to make an important

contribution to sustained energy supplies. Fusion’s advantages of large fuel reserves, low atmospheric emissions and high levels of

safety make it an important consideration in future energy strategies.

- Fuel supplies are sufficient for at least thousands of years, and probably up to millions of years, of energy use.

- Atmospheric emissions of CO2 are very low and minor emissions of other pollutants are less harmful than those from most existing

energy sources.

- Hazards to the public will be very low because of the high levels of passive safety.

- Waste materials will require little, or no, use of repository storage.

Conceptual designs of fusion power plants have been optimised against safety and environmental criteria. The optimum designs vary

both with the assessed progress in the development programme and according to the weight given to different criteria. The impact of

this weighting on design, and the comparison of the outcomes with other energy sources, is described.

To make a contribution to sustainable development, fusion must also be economically viable to enter the energy market. The calculated

cost of electricity from fusion and other technologies, both new and existing, show that, particularly in an energy market where

environmental constraints are playing an increasing role, fusion can make an important contribution.
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 Technology and Plasma Physics Developments needed for DEMO

(PL5-O-563) 

Karl Lackner

Max-Planck-Institut für Plasmaphysik Boltzmannstr. 2 85748 Garching Germany

Although no universally agreed definition of the next step after ITER exists at present it is commonly accepted that significant progress

beyond the ITER base-line operating physics modes and the technologies employed in it are needed. We first review the role of DEMO

in the different proposed fusion road maps and derive from them the corresponding performance requirements. A fast track to

commercial fusion implies that DEMO is already close to a first of a kind power plant in all aspects except average availability.

Existing power plant studies give therefore also a good approximation to the needs of DEMO. We outline the options for achieving the

needed physics progress in the different characteristic parameters, and the implications for the experimental programme of ITER and

accompanying satellite devices. On the time scale of the operation of ITER and of the planning DEMO, ab-initio modelling of fusion

plasmas is also expected to assume a qualitatively new role. Besides the mapping of the reactor regime of plasma physics and the

integration of a burning plasma with the principal reactor technologies on ITER, the development of functional and structural materials

capable of handling the high power fluxes and neutron fluences, respectively is also on the critical path to DEMO. Finally we discuss

the potential contributions of other confinement concepts (stellarators and spherical tokamaks) to the design of DEMO.
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A.G. Kellman, for the DIII-D Team

General Atomics, Energy Group P.O. Box 85608 92186-5608 San Diego California, USA

During the last 12 months, the DIII-D facility completed a program of major upgrades to the tokamak and subsystems. These new

upgrades address a wide range of issues that advance the fundamental goals of the DIII-D program; i.e. advancing the physics of

advanced tokamaks, exploring basic fusion physics, and addressing critical issues for ITER.

The major upgrades performed include: (1) conversion from 2 long pulse and 2 short pulse gyrotrons to 4 long pulse, 1 MW gyrotrons

with system modifications complete for 6 gyrotron operation, (2) rotation of one neutral beamline (2 of 7 sources) from co- to counter

injection including required diagnostic modifications, (3) installation of a new water cooled, lower divertor shelf with full graphite tile

coverage to enable density control in highly triangular double null divertor and ITER-like single null discharges, and (4) installation of

two new cooling towers for longer pulse and higher heat loads. In addition, smaller upgrades of other subsystems and components

included a higher power and bandwidth resistive wall mode stabilization system, installation of four new rows of contoured graphite

tiles on the centerpost to reduce carbon erosion and improve toroidal uniformity, refurbishment of the FWCD antenna including a

different Faraday shield, redesign of the toroidal field feed point with significantly reduced field error, and more than 20 diagnostic

upgrades including a new Motional Stark effect system, an enlarged BES system, and a new fast ion profile diagnostic. Significant

enhancements to the plasma control system, now comprising more than 20 high speed CPUs, include faster cycle times for MHD

stabilization studies; new algorithms and real time diagnostics (MSE and CER) to enable closed loop control of plasma rotation and

current profile. The beamline rotation allows a mix of both co- and counter-injection and will enable the study of the physics of plasma

rotation, stabilization of RWM at low rotation, modulated ECCD for NTM stabilization, and ELM-free regimes at low rotation. Both

the engineering issues involved in many of these upgrades as well as initial results from the new systems will be presented.

This work was supported by the U.S. Department of Energy under DE-FC02-04ER54698.
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HIROSHI TAMAI(1), T. Fujita(1), M. Kikuchi(1), K. Kizu(1), G. Kurita(1), K. Masaki(1), M. Matsukawa(1), Y. Miura(1), S.

Sakurai(1), A. M. Sukegawa(1), Y. Takase(2), K. Tsuchiya(1), D. Campbell(3), S. Clement Lorenzo(4), J. J. Cordier(5), J.

Pamela(6), F. Romanelli(7), C. Sborchia(8)

1. Japan Atomic Energy Agency, Fusion Research and Development Directorate 801-1 Mukoyama, Naka-shi 311-0193 Ibaraki-ken Japan
2. University of Tokyo Kashiwa 277-8561 Chiba Japan
3. EFDA Close Support Unit Boltzmannstr. 2 85748 Garching Germany
4. EFDA-CSU-Barcelona c/ Josep Pla. 2, Torres Diagonal Litoral Building B3 08019 Barcelona Spain
5. CEA Cadarache, DSM/DRFC/SIPP, Bat 506 13108 Saint Paul lez Durance France
6. JET-EFDA Culham Science Centre OX14 3DB Abingdon UK
7. Associazione EURATOM- ENEA sulla Fusione, Via Enrico Fermi 45, I-00044 Frascati (RM), Italy
8. Max Planck Institut für Plasmaphysik IPP Wendelsteinstrasse 1 17491 Greifswald Germany

JT-60SA, the former JT-60SC and NCT, a superconducting tokamak positioned as the satellite machine of ITER, collaborating with

Japan and EU fusion community, aims at contribution to ITER and DEMO through the demonstration of advanced plasma operation

scenario and the plasma applicability test with advanced materials. After the discussions in JA-EU Satellite Tokamak Working Group

in 2005, the increased heating power, higher heat removal capacity for the plasma facing components, improvement of the radiation

shielding, the remote handling system for the maintenance of in-vessel components, and related equipments are planed to be

additionally installed.

  With such full equipments towards the increased heating power of 41 MW (34 MW-NBI and 7 MW-ECH) with 100 s, the prospective

plasma performances, analysed by the equilibrium and transport analysis codes, are rather improved in the view point of the

contribution to ITER and DEMO relevant research. Accessibility for higher heating power in a higher density region enables the lower

normalized Larmor radius and normalized collision frequency close to the reactor relevant plasma with the ITER-similar configuration

of single null divertor plasma with the aspect ratio of A=3.1, elongation of k95=1.7, triangularity of d95 (q95) in the plasma current of

Ip=3.5 MA, toroidal magnetic field of BT=2.59 T and the major radius of Rp=3.16 m. The increases in the electron temperature, beam

driven and bootstrap current fraction by the increase of the power of Negative ion based NBI (10 MW) reduce the loop voltage and

contribute to increase the maximum plasma current of ITER similar shape. Full non-inductive current drive controllability is also

extended into the high density and high plasma current operation towards high beta plasma.

  Flexibility in aspect ratio and shape parameter is kept the same as NCT, i.e. a double null divertor plasma with A=2.6, k95=1.83,

d95=0.57, Ip=5.5 MA, BT=2.72 T, and Rp=3.01 m which strongly supports the plasma shape optimisation oriented to high-beta plasma

research. The increased heating power extends the operation windows of break-even class plasma and high-beta plasma beyond the

free-boundary MHD stability limit and the research area of an advanced plasma control towards DEMO.

  The operation scenario for the advanced plasma performance will be precisely investigated.
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P. Barabaschi, Hans Werner Bartels, S. Chiocchio, J. How, E. Martin, W. Spears

ITER Garching Joint Work Site, Max-Planck-Institut für Plasmaphysik Boltzmannstrasse 2 D-85748 Garching Germany

The construction of ITER will represent a major challenge for the fusion community at large, because of the intrinsic complexity of the

tokamak design, the large number of different systems which are all essential for its successful operation, the worldwide distribution of

the design activities and the unusual procurement scheme based on a combination of in-kind and directly funded deliverables.

Past experience from similar large science projects and from the authors&#8217; direct experience in managing the design activities

during the ITER Transitional Activities phase, has shown that key requirements for the success of such a large project are the

establishment of effective project management methods, the deployment of tools and working practices that facilitate the

communication and collaboration among several institutions, and a strong focus of  the Central Team on the integration activity. 

During the Transitional Activities phase the ITER Central Team has made a large effort to ensure that appropriate tools and design

methods are  fully deployed at the start of the construction. In particular, the selection of the design, drawing and documentation

management software has been critically reviewed and substantial upgrades have been introduced.

A detailed breakdown structure of the plant has been completed and the design activities and information management system has been

organized around it. 

Configuration management procedures in line with industry standards have been introduced in the project and are currently applied to

keep track of all changes and for the management of requirements and interfaces.

The authors have been involved in the definition and practical implementation of the design integration and configuration control

structure inside ITER. Here they describe the experience gained in recent years, explain the drivers behind the selection of the CAD and

document management systems, and illustrate what they believe will be the future needs for a successful completion of ITER.
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Pascal Garin

Agence ITER France Cadarache  F-13108 St Paul Lez Durance France

The preparation of Cadarache as the host of ITER is organised at a double level:

Europe, since the beginning of the candidature in 2001, is coordinating the so-called European ITER Site Studies;

France, as the host country, has put in place a dedicated structure at a decisional level (close to the government), and operational level

in the PACA region with two entities:

The Agency Iter France (AIF), inside the CEA, interlocutor of international and European entities, in charge of site preparation and

fund recollection;

An accompanying prefectoral mission, in charge mainly of road adaptation and the international school.

The paper will cover all the aspects related to the preparation of the implementation of ITER:

Technical aspects: the progress of site preparation itself, its servicing (water supply, electrical supply, Internet…), the road adaptation

between the large harbour of Fos-sur-mer and Cadarache, etc. will be detailed.

Regulatory procedures: in the framework of the delegation that the ITER partners gave to the CEA/AIF on 14th September 2005, two

main large files are in progress:

The public debate, organised by an independent authority, informs the population of the challenges and impacts of ITER in Provence;

The safety documents: the writing of the preliminary safety report, which will be submitted to the Nuclear Safety Authority and the

files submitted to the public during the public enquiries are ongoing.

Socioeconomic aspects: the welcome of ITER staff and their families is operational, via a dedicated Welcome Office; the location of an

international school in Manosque leads now to its prefiguration.

The overall organisation will be described, as well as all planning forecast for the coming years, leading to the start of construction.

4



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: I - Materials Technology

Modelling irradiation effect of EUROFERnnnnnn (O1B-I-28) 

Jean-Louis BOUTARD(1), Segei DUDAREV(2), Max VICTORIA(3), Eberhard DIEGELE(1), Rainer LAESSER(1), Chu

Chun FU(4), Francois WILLAIME(4), María José CATURLA(5), Jan KAELLNE(6), Kai NORDLUND(7), Lorence

MALERBA(8), Abderrahim ALMAZOUZI(8), José Manuel PERLADO(9), Michael RIETH(10), Robin SCHAEUBLIN(11)

1. EFDA CSU-Garching Boltzmannstr. 2 D-85748 Garching bei München Germany
2. EURATOM/UKAEA Fusion Association Culham Science Centre OX143DB Abingdon United Kingdom
3. Universidad Politécnica de Madrid, Departamento de Ingeniería Nuclear C/José Gutiérrez Abascal, 2 28006 Madrid Spain
4. CEA Saclay Gif-sur-Yvette-Cedex 91191 Saclay France
5. Universidad de Alicante, Departamento de Física Aplicada Facultad de Ciencias, Fase II 03690 Alicante Spain
6. University of Uppsala, Inst. för Neutronforskning PO Box 256 751 05 Uppsala Sweden
7. University of Helsinki, Department of Physics Accelerator Laboratory P.O. Box 43 000147 Helsinki Finland
8. SCK-CEN Boeretang, 200 2400 Mol Belgium
10. Forschungszentrum Karlsruhe, IMF Postfach 3640 76021 Karlsruhe Germany
11. CRPP-PSI (Paul Scherrer Institut) Villigen PSI 5232 Villigen PSI Switzerland

In fusion power reactor, the properties that controlled the behaviour of materials are affected at the atom scale: (i) the crystalline

structure is locally destroyed where a displacement cascade occurs, (ii) the chemical bond is affected by transmutation products such as

He and H, (iii) an radiation induced microstructure will take place due the diffusion of these point defects and impurities EFDA has

launched a programme since 2002 to develop and validate modelling tools to predict the radiation effects in the reference ferritic

martensitic steel Eurofer. Up to now, the effort has been devoted (i) to validate the multi-scale modelling approach based on ab-initio

energetics map of point defects and He, (iii) to develop inter-atomic potentials for Molecular Dynamics simulation of displacement

cascades and dislocation dynamics.

Formation and migration energies and diffusion mechanisms of small vacancy (n<  ) and interstitial clusters (n<  ) were computed with

the ab-initio code SIESTA and used to successfully predict via Kinetic Monte Carlo the experimental recovery stages of radiation

damage in ultra high purity Fe. A complete He and point defect energetics mapping was ab-initio determined in Fe-C and used to

reproduce via Rate Theory He-desorption from pre-implanted specimens. A developed “magnetic” potential is capable of transferring

the magnetic properties of Fe due to the 3d-electron correlation to the scale of the Molecular Dynamics. An inter-atomic potential is

being developed to reproduce the thermodynamics of the Fe-Cr system. 

The program will now be devoted (i) to develop atom-scale reference kinetic methods to predict the phase – stability of the Fe-Cr

thermally and under irradiation (ii) to predict at the atom scale the core structure and dynamics of screw dislocation and their collective

behaviour at the meso-scale, using Discrete Dislocation Dynamics (iii) to validate at the relevant scale using the multi-beam

CEA-CNRS facility JANNUS. JANNUS allows irradiating with double (dpa, He) or triple (dpa, He, H) beam and characterising (TEM,

AP-FIM, nano-identation) volume of materials of the same order as the ones that can be simulated. The strategy with materials with

increasing complexity of chemical composition and initial microstructure will be presented. The resulting modelling tools and

associated data base should be used to correlate exoperimental data from varied irradiation source and to optimize IFMIF testing

programme and extrapolate the results with enhanced confidence.
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The goal of the European Integrated Project “ExtreMat” is to provide and to industrialize new materials and their compounds for

applications in extreme environments that are beyond reach with incremental materials development only. 

The R&D activities in this project aim to provide

a)	self-passivating protection materials for sensitive structures operated in physico-chemically aggressive environments at high

temperatures;

b)	new heat sink materials with the capability of very efficient heat removal, often at very high temperature level;

c)	radiation resistant materials for very high operation temperatures;

d)	new processing routes for complex heterogeneous compounds that can be operated in extreme environments. 

Key applications for these new materials are in the sectors of fusion, advanced fission, space, and electronic applications. Further use of

these materials is expected in spin-off fields, such as brake applications and energy conversion.  

The project started in December 2004 for a duration of five years and is supported by the European Community. The 37 project

participants are from 13 EU member states and include 6 universities, 7 research institutes, 10 research centres and 14 industrial

companies. 

Research results regarding the development of materials for application in nuclear fusion, especially on protection, heat sink, and

radiation resistant materials will be presented. A view to other applications of these materials in the fields of fission, space and

electronics will be given in the presentation.

ExtreMat Project Partners: see http://www.extremat.org/
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In the framework of the negotiations for the definition of an ITER site the European Union and Japan agreed to develop a number of

important projects of common interest for the rapid realisation of fusion energy. Between these projects the Engineering Validation and

Engineering Design Activities (EVEDA) phase of the International Fusion Materials Irradiation Facility (IFMIF) was included. 

The objective of the EVEDA phase of IFMIF is to perform reliability tests of key components and to produce a final design to be able

to start IFMIF components manufacture as soon as the construction decision is taken. The activities to be developed in the EVEDA

phase were discussed in 2003 and described in the IFMIF Conceptual Design Report. 

In the present Transition Phase the IFMIF activities has been performed mainly by Europe and substantial progress has been achieved,

e.g., in qualification of a replaceable backwall and of test modules, as well as in the characterisation of the neutron and deuteron

induced activation inventories in various parts of IFMIF, including the development of an IFMIF-oriented European library for

cross-section data. In addition alternatives have been studied for different IFMIF facilities, including a beam raster technique to provide

a stable deuteron beam profile, and specifically a superconducting Drift Tube Linac for the Accelerator Facility. A special effort has

been also made to compile available information in a systematic approach. Preliminary versions of the Safety Analysis Report,

Materials Selection Guide, Materials Handbook, Remote Handling Handbook and Design Description Document for Test Facility were

written or are under preparation.

Taking into account these results two further realisation scenarios for IFMIF, the “Aggressive European Proposal for combination of

EVEDA and CODA” and the “Optimised EVEDA Schedule” were proposed and compared with the reference case. The last one has

been accepted by the partners for further development in the future. Both have been developed with the main purpose of shorten the

time until IFMIF full operation is achieved and to reduce the overall risks of the project. 

In this presentation the main technical developments obtained in Europe during the last few years will be summarized. Based on this,

the main technical issues to be solved during the EVEDA phase will be also reviewed in the framework of the present scenario for

IFMIF.
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The OECD Nuclear Energy Agency (NEA) Data Bank is part of an international network of data centres in charge of the compilation

and dissemination of basic nuclear data. Through its activities in the reaction data field, the NEA participates in the production of data

and their distribution to its users. 

The NEA Data Bank administrates the collection and validation as well as the distribution of the Joint Evaluated Fusion and Fission

(JEFF) library. The JEFF project has evolved from two separate projects, namely the European Fusion File (EFF) and the Joint

Evaluated File (JEF), to JEFF with the latest release of the library, JEFF-3.1, in May 2005. The EFF Project is a collaborative project

with work funded by the European Fusion Development Agreement (EFDA). The tasks within the project comprise new data

evaluation and verification of activation and transport data, calculation methods and validation via integral experiments. The EFF

project brings together all available expertise in Europe, relating to the nuclear data requirements of existing and future fusion devices.

EFF contributed greatly to the successful release of the internationally recognised nuclear data library JEFF-3.1.

The NEA Working Party on International Nuclear Data Evaluation Co-operation (WPEC) is established to promote the exchange of

information on nuclear data evaluations, measurements, nuclear model calculations and validation. WPEC provides a framework for

co-operative activities between the participating projects, such as the high priority request list that is a collection of experimental data

requests of special interest in a certain project, such as JEFF or ITER.

The NEA provides also computer program services for nuclear energy and radiation physics applications. Of special interest for fusion

applications are the integral experiments, such as SINBAD, with radiation shielding and dosimetry experiments including many fusion

neutronics shielding experiments.
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The ITER ion cyclotron (IC) system is required to deliver 20 MW of rf power to the plasma for a pulse length of up to 1000s. The

system must operate over the 40- to 55-MHz frequency range, and deliver the power to the plasma over a range of plasma conditions,

including ELMy H-mode operation that will cause significant transient changes in the loading of the antenna by the plasma. In addition,

it must be reliable and survive in the ITER environment. 

The components of the ITER IC system are being designed and built by several of the ITER Participants: the antenna will be built by

the EU, the rf sources and power supplies will be built by India, and the transmission line/matching system will be built by the US. A

coordinated plan for design of the complete system is underway. A critical question concerns the design of the IC antenna, which must

fit into a single midplane port in ITER. There are two conceptual designs for the antenna being carried out as ITER Task Agreements

by members of the EU Participant Team; a choice between these designs will be made in 2007. The antenna design will also affect the

design of the matching system and the rf sources, so an evaluation of the entire system will be needed to make the best choice. For that

reason, the Indian and US teams are carrying out studies of their sub-systems in parallel with the antenna design work. 

This paper will present an overview of the status of the design and R&D efforts, the criteria to be used in the selection process, and the

schedule for the design, R&D, fabrication, and testing needed to deliver the IC system components to ITER. Details of the design status

will be presented in papers by members of the Participant Teams working on the subsystems.

9



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: B - Plasma Heating and Current Drive

OVERVIEW OF THE JET NEUTRAL BEAM ENHANCEMENT PROJECT

(O2A-B-453) 

Dragoslav Ciric, JET NBE Team

Heating and Fuelling Department, Euratom/UKAEA Fusion Association Culham Science Centre OX14 3DB Abingdon UK

Three objectives of the JET Neutral Beam Enhancement (NBE) are a) to increase the NB power delivered to JET from 25MW to

>34MW; b) to extend the beam pulse duration from 10 to 20 seconds and c) to improve availability and reliability of the JET NB

system. The project is based on the upgrade of the two existing JET neutral injectors, each equipped with eight positive ion neutral

injectors (PINIs).

The main increase of the NB power will come from the rearrangement of the ion source permanent magnets from the present supercusp

to pure chequerboard configuration, thus eliminating the magnetic filter used to limit primary electrons reaching the extraction region.

This modification considerably increases the fraction of molecular ions, which leads to higher neutralisation efficiency. Further

increase in the injected neutral beam power will result from higher beam transmission, the consequence of high uniformity and superior

properties of the beams extracted from chequerboard ion sources. Finally, the maximum extracted deuterium ion current will be

increased from the present ~55A to ~65A. This will be accomplished by the minor modification of the extraction aperture diameter and

the accelerator gap. All PINIs will be operated at the same acceleration voltage (125kV).

The increase of the beam pulse length from 10 to 20 seconds requires modification or replacement of inter-pulse water cooled beamline

components. The most challenging among these tasks is the replacement the duct liner, which protects the vessel from re-ionised beam

power at the beam entry into the torus. It will be replaced with an actively cooled liner based on proven hypervapotron technology.

To improve the overall reliability of the JET neutral beam system and to allow extraction of 65A of deuterium ion current, eight

existing 80kV/60A high voltage power supplies (HVPS) will be replaced with four new 130kV/130A units. This means that, after the

completion of the NBE project, 75% of the JET NB system (12 out of 16 PINIs) will be operated using modern HVPS units based on

Isolated Gate Bipolar Transistor (IGBT) switching technology.

The NBE project is one of the largest modifications of the JET machine under EFDA management and is being carried out by the

UKAEA Fusion Association. The project started in 2005 and will be completed in 2009. The various physics, engineering and planning

issues related to the NBE project will be discussed in the paper.

10



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: B - Plasma Heating and Current Drive

EC power sources: European technological developments towards ITER

(O2A-B-510) 

Tullio Bonicelli(1), Stefano Alberti(2), S. Cirant(3), O. Dormicchi(4), D. Fasel(2), J.-P. Hogge(2), S. Illy(5), C. Lievin(6), P.L.

Mondino(1), B. Piosczyk(5), T. Rzesnicki(5), M. Santinelli(7), G. Taddia(8), M. Thumm(9), M.Q. Tran(1)

1. EFDA Close Support Unit Boltzmannstr. 2 85748 Garching Germany
2. CRPP EPFL 1015 Lausanne Switzerland
3. Istituto di Fisica del Plasma EURATOM-ENEA-CNR Association via Roberto Cozzi 53 20125 Milano Italy
4. Ansaldo Superconduttori Corso Perrone, 73R I-16152 Genova Italy
5. Forschungszentrum Karlsruhe, IKET Hermann-von-Helmholtz-Platz 1 76344 Eggenstein-Leopoldshafen Germany
6. Thales Electron Devices (TED) 2 Rue de Latécoère 78141 Vélizy-Villacoublay France
7. ENEA Frascati Via Enrico Fermi 45 00044 Frascati (RM) Italy
8. OCEM SpA Via 2 Agosto 1980 40016 S.Giogio di Piano ITALY
9. Forschungszentrum Karlsruhe, IHM (Institute  for Pulsed Power and Microwave Technology) Hermann-von-Helmholtz-Platz 1 76344
Eggenstein-Leopoldshafen Germany

The paper deals with the activities in Europe towards the development of the EC power sources for ITER. The agreed European

procurement sharing for ITER includes in fact one third (8 MW) of the EC RF power sources and the complete power supply feeding

the total 24 MW EC system.

The European effort for the EC power sources is centered on the development of a 170 GHZ, 2 MW, CW coaxial cavity gyrotron of

Collector Potential Depressed (CPD) type. A gyrotron with higher unit power compared to the ITER baseline (1 MW) would yield a

reduction of the installation costs and a more compact upper port launcher design (or, conversely, an increase of the power delivered

from one port).  Coaxial cavity gyrotrons have the potential to allow high unit power to be achieved and 2.2 MW in single mode were

demonstrated in short pulse operation [1] on a so-called pre-prototype gyrotron. A stable TE34,19 mode at 170 GHz has been excited in

single-mode operation over a wide parameter range.

The development work on the industrial prototype tube is performed in cooperation between European Associations and Industry.

The results from the pre-prototype have been fed into the specification and design of the first 2 MW prototype [2], which aims at

reaching 1 s operation, now under advanced stage of construction while experimental support continues to be provided by tests on the

pre-prototype. 

The associated superconductive (NbTi) magnet producing 6.86 T on the cavity axis is also being procured. This specified field profile

must be achieved with an accuracy in the range of 0.1% (cavity) to 0.5 %. The superconducting magnet is also provided with a set of

dipole coils to perform the alignment of the coaxial insert.

Two 2 MW dummy loads are also being procured. The first one is targeted for the initial short-pulse operation and is presently under

power testing in Greisfwald. The second load is intended for the later tests in CW [3].

A new EC test facility, with the features necessary for the testing of the gyrotron up to full power in CW, is also being established [4]

including full cryogenics and cooling capacity for the CW operation.

The power supply system includes a fully solid-state modulator of the body voltage capable of operation at 5 kHz, 25 kV peak-to-peak,

on a 3 nF capacitive load [5,6] which would yield advantages over the more traditional solution based in vacuum electron tubes.

Extensive tests have been successfully carried out on a dummy load. In addition, in order to limit the average power dissipation on the

gyrotron collector during RF power modulation, the beam current can be switched off repetitively up to a frequency of 5 kHz. 

Testing on the first gyrotron prototype is expected to start within 2006. 

The paper will also review the overall development plan towards the series production for ITER.
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Lower Hybrid Current Drive is well recognized as a promising technique required for steady-state operation and for controlling the

plasma performance in terms of confinement and stability. For these reasons, it is extensively used in the existing tokamak or in new

projects: EAST, CMOD, FTU, HT-7, JET, JT60-U, NCT, (JT60-SA), KSTAR, Tore Supra, SST1...

This paper reports the possible options together with achieved technological progress for designing the whole ITER system, including

antennae, transmission lines and klystrons.   

Three antenna concepts are generally used: i) classical antenna with waveguides fed independently; ii) multijunction; iii) Passive Active

Multijunction (PAM).

Due to the foreseen LH power in ITER (several tens of MW), the total waveguide number will be in the thousand ranges, thus design

using multijunction eases the antenna manufacture. Furthermore, main difficulties for the ITER launcher are the power coupling and

the withstanding of high heat flux ~1 MW/m2 (RF losses, plasma radiating power, neutron attenuation). For these reasons, the actively

water cooled PAM concept has been intensively studied. A PAM prototype has been successfully tested on FTU. Excellent coupling

properties have been confirmed over a wide density range expected for ITER, including the cut off density range. The technology

required for the ITER environment will be tested on the Tore Supra PAM launcher in 2008 (extending the pulse duration to 1000s with

actively water cooling). Also, a complete PAM blue print for JET - resulting from a significant effort of many European laboratories

coordinated by the Euratom-CEA association - has been proposed by the beginning of 2005. In this project, scientific and technical

evaluation on a wide variety of aspect have been included: coupling, thermo mechanical, thermal, disruption induced stresses,

technological choices, diagnostics, testing techniques, vacuum techniques, as well as costing and schedule.

The transmission line design choice, depending on the distance between the antenna and the transmitter and on the frequency, has been

studied. For low distance and low frequency, standard rectangular waveguides can be used, the aim being to keep RF losses smaller

than 10% of the total power. In the other case, circular oversized waveguides propagating the TE01 mode have been considered in the

present ITER design.

In the existing Tore Supra LHCD system, Thales TH 2103 klystrons are used as RF generators. At 3.7 GHz, these tubes can deliver 500

kW CW on 1.4 VSWR. Improved 700 kW CW tube are being developed for Tore Supra. At 5 GHz, a 500 kW CW klystron is

developed by Toshiba for KSTAR project.

Finally, some expected difficulties are discussed together with some possible solutions, namely the manufacturing (choice of material,

brazing...) and RF window design to withstand RF power in ITER. 

At this present stage, a lot of studies, mock up realisation and testing are still urgently needed on many components of the system:

tubes, RF windows, antenna assembling technology, and transmission line components to ascertain the reliability of a LH system in the

harsh environment of ITER.
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A neutronics experiment has been performed in the frame of European Fusion Technology Program on a mock-up of the EU Test

Blanket Module (TBM), Helium Cooled Pebble Bed (HCPB) concept, with the objective to validate the capability of nuclear data to

predict nuclear responses, such as the tritium production rate (TPR), with qualified uncertainties. The experiment has been carried out

at the FNG 14-MeV neutron source in collaboration between ENEA, Technische Universität Dresden, Forschungszentrum Karlsruhe, J.

Stefan Institute Ljubljana and with the participation of JAEA. The mock-up, designed in such a way to replicate all relevant nuclear

features of the TBM-HCPB, consisted of a steel box containing beryllium block and two intermediate steel cassettes, filled with of

Li2CO3 powder, replicating the breeder insert main characteristics: radial thickness, distance between ceramic layers, thickness of

ceramic layers and of steel walls.

In the experiment, the TPR has been measured using Li2CO3 pellets at various depths at two symmetrical positions at each depth, one

in the upper and one in the lower cassette. Twelve pellets were used at each position to determine the TPR profile through the cassette.

Three independent measurements were performed by ENEA, TUD/VKTA and JAEA. The neutron flux in the beryllium layer was

measured as well using activation foils. 

The measured tritium production in the TBM (E) was compared with the same quantity (C) calculated by the MCNP.4c using a very

detailed model of the experimental set up, and using neutron cross sections from the European Fusion File (EFF ver.3.1) and from the

Fusion Evaluated Nuclear Data Library (FENDL ver. 2.1, ITER reference neutron library). C/E ratios were obtained with a total

uncertainty on the C/E comparison less than 9% (2 s). A sensitivity and uncertainty analysis has also been performed to evaluate the

calculation uncertainty due to the uncertainty on neutron cross sections. The results of such analysis, carried out using both Monte

Carlo and deterministic codes, shows that the uncertainty due to cross sections amounts to < 5% (2 s). The C/E comparison shows that

the calculation of the tritium production is underestimated by a 5-10% and is within the combined uncertainty margin of the

measurements and the calculations. The obtained results indicate that design calculations of the tritium breeding ratio provide

conservative results for the fusion reactor employing a HCPB type breeder blanket.
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The in vessel tritium inventory control is one of the most ITER challenging issues which has to be performed to fulfil safety

requirements. This is due mainly to the presence of Carbon as a constituent of Plasma Facing Material (PFM) which leads to a high fuel

permanent retention. For several years now, physics studies and technological developments have been undertaken worldwide in order

to develop reliable techniques which could be used in ITER severe environment (Magnetic field, vacuum, high temperature) for in situ

tritium recovery. The scope of this presentation is to review the present status of these achievements and define the remaining work to

be done in order to propose a dedicated work program.

A brief description of the major results observed in tokamak concerning erosion, particle transport et redeposition of wall constituents

will be first presented. We will also focus on fuel trapping in the PFM and codeposited layer with a special insight of results obtained

during tokamak long pulse operation. A particular attention will be devoted to the observed properties of mixed material as beryllium

Carbide and on the expected consequences on material treatment. From these results, an extrapolation to the ITER operation constraints

will be crudely established.

The different treatment techniques currently used in fusion devices will be then reviewed from usual conditioning procedures as Glow

discharge to radio frequency or tokamak plasma assisted techniques. In the frame of ITER, they will be compared in term of fuel

removal efficiency. The capability of treating complex surfaces as voids or castellated structure as well as remote area will be also

addressed. 

The necessity to use additional in situ surface treatments in order to maintain tritium inventory under safety limits will be addressed.

These treatments mainly based on photo-cleaning (flash lamp or laser) or oxidation will be reviewed in term of possible consequences

on plasma operation and of expected technological problem.

	Ad last, a work program which has to be undertaken in term of fusion technology developments in order to fulfil ITER requirements

on PFC treatments will be presented.
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The long-term objective of the EU Breeding Blankets programme is the development of DEMO breeding blankets, which shall assure

tritium self-sufficiency, an economically attractive use of the heat produced inside the blankets for electricity generation and a

sufficiently high shielding of the superconducting magnets for long time operation. In the short-term so-called DEMO relevant Test

Blanket Modules (TBMs) of these breeder blanket concepts shall be designed, manufactured, tested, installed, commissioned and

operated in ITER for first tests in a fusion environment.

The Helium Cooled Lithium-Lead (HCLL) breeder blanket and the Helium Cooled Pebble Bed (HCPB) concepts are the two breeder

blanket lines presently developed by the EU. The main objective of the EU test strategy related to TBMs in ITER is to provide the

necessary information for the design and fabrication of breeding blankets for a future DEMO reactor. EU TBMs shall therefore use the

same structural and functional materials, apply similar fabrication technologies, and test adequate processes and components.

This paper gives an overview of the last progresses in terms of system design, calculations, test program, safety and R&D done these

last two years in order to cope with the ambitious objective to introduce two EU TBM systems for day-1 of ITER operation. The

engineering design of the two systems is mostly concluded and the priority is now on the development and qualification of the

fabrication technologies. From calculations point of view, the last modelling efforts related to the thermal-hydraulic of the first wall, the

tritium behaviour, and the box thermal and mechanical resistance in accidental conditions are presented. Last features of the TBM and

cooling system designs and integration in ITER reactor are highlighted.

In particular, this paper also describes the safety and licensing analyses performed for each concept to be able to include the TBM

systems in the ITER preliminary safety report (RPrS). Finally, overview of recent R&D progresses in fabrication, tritium experiments

and test facilities development is given.
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Forschungszentrum Karlsruhe (FZK) is developing the ITER prototype torus exhaust pumping system, comprising 8 identical

cryopumps to provide a high pumping speed and capacity, and fast on-line regeneration. To pump helium, which cannot be condensed

at the available 5 K cooling conditions, and to help pump hydrogens, the cryopanels are coated on both sides with activated charcoal

granules. 

The prototype pump features an integral inlet valve with a nominal diameter of 800 mm which can be closed during the plasma pulse

operation for on-line regeneration. The pump design is incorporating the results of the experimental campaigns performed with the

model torus cryopump (with about 50% of the pumping surface of the full scale pump) in the TIMO testbed at FZK as well as the

results achieved in the large scale tritium testing of an ITER relevant cryosorption pump set-up at JET, which were accomplished early

this year. This includes cryogenic and pumping aspects under air inbreak (LOVA) conditions, regeneration characteristics, and

compatibility to strongly sorbed substances (water, hydrocarbons, radicals).

This paper summarizes the requirements to the pumping system and outlines how these are successfully met. The way in which the

nominal parameters for the detailed design of the cryopumps are derived from the overall system specification is clearly described.

Finally, the detailed design of the pump and its typical sub-assemblies (such as the integrated inlet valve and bellows, baffles, shields,

and the 5K cryopanel circuit) will be discussed. For design validation it is planned that the torus prototype pump will be manufactured

by industry and tested in the TIMO facility at FZK, suitably upgraded to accommodate the prototype pump.
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A liquid lithium limiter (LLL) based on lithium filled porous material has been tested for the first time on the medium size high

magnetic field tokamak FTU. The main technological aims of the experiment were to test: the compatibility of lithium filled

capillary-pore system (CPS) with real plasma tokamak conditions; the capacity of the system to self-regenerate the exposed surface and

to confine lithium during normal plasma operations and disruptions; the capability to withstand high heat loads without damage of

limiter surface. Investigation has been an important part of an extended program aimed to assess the physical effects of litization on

plasma characteristics.

A poloidal LLL of FTU consists of three separated and electrically insulated units tangentially arranged with respect to the plasma

column and installed on a movable supporting structure. LLL can be heated up to 550oC. It has two thermocouples for each unit and

two Langmuir probes placed in the interspaces between units. The cylindrical lithium surface of units (total area of 150 cm2) is formed

by a porous mat from stainless steel mesh filled with lithium and in contact with a lithium reservoir (total amount of lithium ~80 g.)

A general description of LLL design, selection of structural materials and preparation method will be described.

The behavior of CPS with lithium as a plasma facing material has been successfully tested for thermal loads 1-10 MW/m^2 in ohmic

plasma discharges with Ip=0.5-0.9 MA, Bt=6T, average electron density ne=0.2-2.6x10^20 m^-3 and t=1.5 s of pulse duration. LLL

has been progressively inserted inside the vacuum chamber. No anomalous phenomena like "lithium bloom" has occurred in the plasma

and no damage of CPS surface and LLL structure have been observed after ~70 discharges, also in the case of plasma disruptions as

expected by the preliminary thermal and electromagnetic analysis. Self-restoring of lithium surface due to the capillary forces has been

confirmed. LLL surface temperature and lithium flux will be given as a function of the thermal loads. LLL has been tested as a lithium

source for the litization in two modes – by physical sputtering in the scrape-off layer during the discharge and by intensive sputtering

plus evaporation obtained by the displacement of the plasma towards the liquid lithium using the plasma equilibrium system. Both

methods have given positive results in terms of reduction of Zeff , radiation losses and D2 recycling.
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In modern steady state magnetic fusion devices, actively cooled plasma facing components (PFC) have to handle heat fluxes in the

range of 10-20 MW/m². This generates a number of engineering constraints: the armour materials must be refractory and compatible

with plasma wall interaction requirements (low sputtering and/or low atomic number); the heat sink must offer high thermal

conductivity, high mechanical resistance and sufficient ductility; the component cooling system -which is generally based on the

circulation of pressurized water in the PFC’s heat sink -must offer high thermal heat transfer efficiency. Furthermore, the assembling of

the refractory armour material onto the metallic heat sink causes generic difficulties strongly depending on thermo-mechanical

properties of materials and design requirements. Life time of the PFC during plasma operation are linked to their manufacturing quality,

in particular they are reduced by the possible presence of flaw assembling. The fabrication of PFC in an industrial frame including their

qualification and their commissioning - which consists in checking the manufacturing quality during and at the end of manufacture - is

a real challenge. From experience gained at Tore Supra on carbon fibre composite flat tiles technology components, it was assessed that

a set of qualifications activities must be operated during R&D and manufacturing phases. Dedicated Non Destructive Technique (NDT)

based on advanced active infrared thermography was developed for this purpose, afterwards, correlations between NDT, high heat flux

testing and thermomechanical modelling were performed to analyse damage detection and propagation, and define an acceptance

criteria valuable for industrial application. Health monitoring using lock-in technique was also recently operated in-situ of the Tore

Supra tokamak for detection of possible defect propagation during operations, presence of acoustic precursor for critical heat flux

detection induced by defect propagation is also investigated.

PFC qualification, commissioning and health monitoring will be discussed in this paper and illustrated by experimental data and

modelling from the Tore Supra experience and studies on the monoblock geometry for the ITER divertor vertical target.
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In December 2005, the new procurement allocation plan of the ITER components among the seven Parties was prepared. The need to

qualify for procurement of the specific components was especially introduced in the document. The main features and milestones of the

qualification program are described in "Procurement Plan" for each specific component.  The management rules for cases of failure in

the qualification are also documented in the Procurement Plan. Due to the complicated features of FW procurement (by 6 Parties: CN,

EU, JA, KO, RF and US), the procurement document has to be developed precisely. To guarantee high quality of 1700 FW panels

produced by 6 different Parties, a qualification program is essential.

The qualification mock-up is 80mm wide, 240mm long and 81mm thick with 3 beryllium tiles 10 mm thick. Three identical mock-ups

will be fabricated by each of the 6 Parties in 2006-2007 with the same method as for the ITER first wall panels.  Heat load tests will be

performed on the qualification mock-ups in 2007 in EU and USA facilities.  During the testing, the coolant velocity is reduced to 1-2

m/s instead of 4.5m/s to simulate the nuclear heating. The cycle time of the test will be ~4 minutes. When the heat flux is increased by

~40%, the cycle time can be ~90 sec according to thermal and stress analysis. The maximum design heat load on the ITER FW is 0.5

MW/m2 (steady state) x 30,000 shots.  The heat load due to NB shine-through to achieve H-mode plasma during the hydrogen phase

will be 1 MW/m2 in a certain area of the outboard equatorial region (total 1,000 shots for 2.5 years). The maximum heat flux due to

MARFE: 0.5-1.4 MW/m2 (up to 10 sec duration) also needs to be taken into account in the heat load test conditions. Mechanical tests

of joints are also required using standardized methods. 

Only Parties which have satisfied the acceptance criteria of the qualification tests can proceed to the procurement stage of the ITER

FW. Semi-prototypes (roughly 1000 mm x 200 mm) are also requested before the ITER FW manufacturing. 

As a part of the qualification program, Parties have proposed "new materials" to be qualified, such as new beryllium materials, cast

CuCrZr, powder HIPed CuCrZr and 316 L(N). New beryllium materials shall be tested together with the reference material S65C for

comparison. Irradiation tests of the new beryllium materials will be required (unless very similar materials are already irradiated).
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The ITER-like Wall Project was initiated at JET, with the goal of testing the reference material combination chosen for ITER:

beryllium (Be) in the main chamber (wall and limiters) and tungsten (W) in the divertor. The major aims are to study the tritium

retention, material mixing, melt layer behavior and to optimize plasma operation scenarios with a full metal wall. The project requires

major design and engineering efforts in R&D: (i) bulk W tile, (ii) W coatings on carbon fibre composites (CFC) (iii) Be coatings on

Inconel, (iv) Be marker tiles.

For the W divertor, two R&D tasks were initiated: (1) development of a conceptual design for a bulk W tile as the main outer divertor

target plate, and (2) W coating selection from 14 different samples produced by various techniques for the other divertor plates and

neutral beam shine. The bulk W tile must withstand power loads of 7 MW/m2 for 10 s. JET divertor plates are not actively cooled,

therefore, heat capacity of the tiles is an important design parameter. In addition to power handling, mechanical structural stability

under electromagnetic forces and compatibility with remote handling are the key requirements in the design. The design has been

completed. The test-tile survived 100 pulses at 7 MW/m2 for 10 s in the electron beam facility, JUDITH. The W coatings with different

thickness, thin (<10&#956;m) and thick (200&#956;m) were tested in the hydrogen beam facility GLADIS, up to 22 MW/m2 and 200

pulses at 10 MW/m2 for 5 s. In all tested samples cracks developed perpendicularly to the fiber bundles in CFC because of contraction

of the coating in the cooling phase. Coatings were also exposed to 1000 ELM-like loading pulses. The thin coatings showed fatigue

leading to delamination, whereas for thick coatings better resistance in ELM-like loading. As a result of R&D a full W divertor was

decided: bulk metal at the outer divertor and W coating at other areas. 

Be-related R&D activities are in two areas. Production of 8-9 m&#61549; layers on inner wall cladding Inconel tiles ensures the full

coating of the inner wall by Be. The developed coatings show excellent performance at a power density of 2.5 MW/m2. The second

task is to manufacture marker tiles: bulk Be limiters coated with a high-Z metal interlayer (2-3 &#956;m) and 7-8 m&#61549; Be layer.

 They will allow for assessment of the Be erosion rate in the main chamber of JET. The issue is of  great interest to ITER.
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The W7-X basic device is presently being assembled at the Greifswald branch of IPP. The specific field configurations of this helical

advanced stellarator are realised by a symmetric arrangement of 50 non-planar and 20 planar superconducting coils. In order to sustain

the large electromagnetic forces and moments, all coils are bolted to a massive coil support structure and supported against each other

by inter-coil support elements. Cooling of superconductor and the casing is provided by supercritical helium. For all coils the same

cable-in-conduit conductor is used. This conductor is formed by a NbTi cable which is co-extruded in an aluminium jacket.

Low-resistive electrical joints connect the conductor layers within a winding package and potential break provide electrical insulation

of the helium pipes. After insulation and vacuum pressure impregnation, the winding packages are embedded in stainless steel casings,

which are then finish-machined and equipped with cooling pipes. During a rapid shut-down of the magnet system the windings may

experience voltages up to several kilovolts. High voltage tests under degraded vacuum conditions (Paschen tests) provide a sensitive

method to detect weak points in the electrical insulation.

Manufacture of the magnets is in a well advanced stage. All winding packages are completed, many of them are integrated in the

casings and several coils have already been delivered for cold testing. These tests are performed in a cryogenic test facility at CEA

Saclay. Tests at nominal operating conditions and quench tests confirmed the electric layout and the specified margin. 

Design changes have been implemented during fabrication due to more detailed structural analyses. Some manufacturing processes had

to be modified and re-qualified to allow repair of weaknesses defects found during tests. 

The presentation will give an overview of the production status of the superconducting coils, the experiences gained during fabrication

of the superconductor, the winding packages, the steel casings and during assembly, as well as of the results of the cryogenic tests.
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In the framework of the European Fusion Programme, the Forschungszentrum Karlsruhe and the Centre de Recherches en Physique des

Plasmas (CRPP) have successfully developed and tested a 70 kA high-temperature superconductor (HTS) current lead demonstrator.

This binary HTS current lead consists of a conduction-cooled HTS part and a gas-cooled copper heat exchanger. The modular design of

the HTS module is based on twelve HTS panels, forming a 12-fold prism. The results indicated that the use of HTS current leads would

provide considerable savings in the refrigeration operation costs for ITER. In the present work, the optimisation of the cooling

conditions (helium inlet temperature, warm end temperature of the HTS) of a binary HTS current lead with respect to the cooling power

consumption and the required amount of HTS tapes is described. The aspects related to the pulsed operation of the HTS current leads

for the CS and PF coils are also addressed. The maximum tolerable size and distribution of the contact resistance values at the warm

and cold ends of the twelve HTS panels are defined. Based on the test results for the 70 kA HTS current lead demonstrator the

temperature margin and the voltage level for quench detection are determined.
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The European Superconducting Dipole magnet has been designed by the EFDA and it is now being procured within the framework of

the European Fusion Programme. This saddle-shaped magnet is designed to reach 12.5 T in a 100 x 150 mm rectangular bore and to

test full size conductor samples that shall be produced during the ITER magnets procurement. The magnet uses Cable In Conduit

conductor technology. The cables have no pressure release channel and they are made of high Jc (~ 2000 A/mm2 at 4.2 K, 12 T)

superconducting strands. 

In this paper the elements of the supporting R&D programme underway in Europe are presented. In particular, the main results relative

to the conductor manufacturing such as jacket forming, cabling and joints development etc. are presented together with the first bending

trial tests carried out. Regarding the materials adopted in the design, the low carbon steel used in the manufacturing of the iron yoke is

discussed is some detail. The mechanical tests results for this material are reported in terms of its mechanical performances at room and

cryogenic temperature. These key R&D elements are discussed in the framework of the main design implications that they have on the

overall magnet optimization.
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Active control of Resistive Wall Modes (RWMs) is a key issue for high-beta operation of future Tokamaks, including ITER. RFX has

been recently modified to specifically address this issue by means of a new saddle coil system, which is the most powerful and flexible

among all fusion devices.

As expected, unstable RWMs have been experimentally observed at RFX-mod during the recent machine operation, showing poloidal

and toroidal components m=1, 2<|n|<7 and growth times of some tens of ms, according to theoretical predictions. RFX-mod addresses

the control of RWMs by acting on the magnetic field configuration at the plasma boundary. Beyond RWM stabilization, the dedicated

saddle coil system also allows interaction with tearing modes and error field control. It consists of 192 coils, covering the whole torus

surface, arranged in 48 poloidal arrays, each made up of 4 equispaced coils. As each coil is independently fed, magnetic field poloidal

and toroidal harmonic components (m, n) can be generated with m=0, n=0 to 24 and m = 1, n=-23 to 24.

The control system has already proven to be a very powerful environment for MHD mode control. It is based on a modular hardware

and software infrastructure, currently including seven VME stations. MHD mode control is based on the real-time 2D Fourier spatial

analysis of the magnetic field. Equispaced sensors mounted on the outer surface of the vacuum vessel measure the magnetic field: 192

pick-up coils provide the local toroidal and poloidal components, 192 saddle probes the average radial field through their surfaces.

Successful experimental campaigns in 2005-06 have demonstrated the feasibility of RWM active control. Pulses have been executed

with and without control on a certain range of RWMs (m=1, n=3-6). Without control, the mode m=1, n=6 (the most unstable one in

these experiments) typically grows up and terminates the discharge in a few tens of ms. When the RWM control system is switched on

at a certain time during the discharge, the modes are immediately cancelled in a few ms. If RWM control is applied during the whole

discharge, the mode amplitude is steadily kept at negligible values.

The paper, after a brief description of the real-time control system for the MHD mode control of RFX-mod, will present the results

achieved and will discuss them emphasising the engineering and technological features of the system.
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The JET mission is now aimed at developing plasma scenarios and testing technologies for ITER. Recent JET diagnostics upgrades

have been mainly driven by the needs of scenario developments but, in direct support to ITER, several new “burning plasma”

diagnostics and specific materials for radiation hard detectors are being developed.

Diagnostic enhancements, to support ITER scenario development on JET, have concentrated mainly on improved profile determination,

better measurement of the plasma wall interactions as well as real-time control of key plasma parameters. Better diagnosis of the

plasma profiles is attempted with the implementation of a new High Resolution Thomson Scattering (HRTS) system. Improved density

profiles are obtained from an innovative sweeping reflectometer, taking advantage of new low losses corrugated waveguides. Several

upgrades of the existing LIDAR systems and the ECE radiometers have improved the range and quality of these measurements. New,

innovative detectors, like the quartz microbalance and the rotating collector, have been installed inside the vacuum vessel to investigate

erosion and redeposition. A new infrared wide-angle camera is specifically devoted to the study of power loads on the machine first

wall. In addition, the integration of many new diagnostics into the JET real-time control system extends the relevance from the ITER

perspective. Now all the main plasma parameters are routinely available in real time, allowing an ambitious range of feedback

experiments.

JET offers also a unique environment for the development and testing of relevant “burning plasma” diagnostics. New techniques to

measure the slowing down of the fast particles, based on gamma-ray and EUV spectroscopy, have been devised and developed.  A

coherent set of neutron diagnostic upgrades, ranging from neutron counting and calibration to spectrometry was undertaken. Specific

technological developments for ITER on JET include radiation-hard compact detectors for neutron counting and spectrometry and

improved electronics for gamma and neutron detection. These changes bring time resolution, signal-to-noise ratio and a neutron/gamma

discrimination levels into a range suitable for ITER. Testing of a 6LiH neutron filter, with the goal of eliminating the neutron

background from gamma measurements, to yield information on alpha particles, is of direct interest to ITER as is the testing of

radiation-hard hall probes.
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The COntrol Data Access and Communication (CODAC) system for ITER is presently under conceptual design, revising the previous

design dating from 1998. The design concentrates on the major perceived challenges: 35-year life of the project for maintenance and

evolution; harmonizing strict access security with world-wide participation in the exploitation of ITER; the complexity of CODAC

which has to control a large number of disparate procurements systems, 24 hours/365 days; the particular “in-kind” procurement of all

Plant Systems. 

The design has so-far concentrated on appropriate methods for combating these challenges. Concepts include: strict application and

enforcement of standards for interfacing procured systems at a high “black-box” level; reliance on standard high performance networks;

reliance on the self-description of the procured systems; maximizing the use of data-driven applications, rather than device-specific

coding.

The interfacing and procurement specifications will be presented, especially the self-description of “black-box” systems, and the

boundaries of CODAC will be defined. The breakdown of CODAC into a number of manageable systems and their interfaces will be

outlined. The data volumes and data rates will be estimated, suggesting an appropriate conceptual design of the various parts of the

CODAC network. 

There are no required CODAC features which could not be provided with today’s tools. However, one element of this conceptual

design is to identify areas where ideal solutions are not clearly available for which appropriate R&D will be proposed.
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Fusion reactors need to be operated in steady state to be economically competitive.  In a burn phase, however, the plasma pressure and

heating power are strongly coupled through alpha-particle heating. This strong coupling could easily cause a thermal excursion and

finally trigger a disruption without burn control. Hence, burn control simulation experiments were conducted in ELMy H-mode

plasmas and reversed shear (RS) plasmas with an internal transport barrier (ITB) in JT-60U.

    In a subignition simulation scheme, two NB groups were used, where one simulates alpha-particle heating and the other simulates

external heating. For the alpha-particle heating simulation, the heating power proportional to the DD neutron yield rate was injected

using a real time control system. And the diamagnetically measured stored energy was feedback controlled by external heating to

achieve a quasi-steady state.

    Without burn control both in ELMy H-mode and in RS plasmas, the positive feedback between the neutron yield rate and the heating

power was triggered and eventually the plasma disrupted by reaching a beta limit. With burn control in ELMy H-mode or in RS

plasmas, where the stored energy was controlled to be constant, the positive feedback was not triggered and the neutron yield rate was

kept at a nearly constant value.

    As another burn control actuator, fueling with a multiple pellet injector will be applied to plasmas with improved confinement. The

experimental results are compared with numerical simulation with a 1.5-dimensional time-dependent transport analysis code, TOPICS,

and an orbit following Monte-Carlo code, OFMC, to evaluate beam-thermal reaction rates and to estimate optimal burn control gains.
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Alan Rolfe
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System availability is a key factor in the economic success or failure of any power station. It is inherent in the nature of a tokamak

based fusion energy device that a significant part of the repair and maintenance of components located close to the plasma will need to

be done using remote handling methods.

The feasibility of remotely maintaining a tokamak has been successfully demonstrated at the JET project where every major

modification inside the torus since 1998 has been performed using remote handling techniques. In the four major remote handling

shutdowns at JET since 1998 over 7,000 hours of remote operation and over 450 different types of remote handling task have been

performed.

In this paper the author reflects on the reasons for the success at JET and offers a personal view on the trends in technologies and

management techniques which are likely to be relevant for remote handling of future tokamaks. 

Remote handling equipment and operational techniques have been in development for various sectors over many years driven by the

need for substituting manual interventions in hostile environments, including nuclear fission. Fusion however presents significant new

challenges created by its large size and complexity, the extreme hostility of the task environment and also by the scale of the

management system required to prepare and implement the wide range of time intensive remote operations. 

The paper will identify and discuss the key issues involved in the three, very different, application areas relevant to tokamaks: planned

remote handling inside the torus, planned remote handling inside the hot cell and unplanned remote handling activities. The technology

and management elements discussed will include manipulation, tooling, control systems, Human-Machine-Interfaces, remote

operations management, mock-ups, training and support.

The paper will reference complementary papers/posters which contain more detail on the individual aspects.

The paper will be of interest to everyone involved in the specification, design and construction of future tokamaks.
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In the Wendelstein 7-X Stellarator, under construction at the Max Planck Institut in Greifswald, the superconducting magnet system is

enclosed between two toroidal vacuum vessels (VV), which have a major diameter of 11 m and are built in 5 similar modules. The

internal plasma vessel (PV) has a complex 3D shape, which follows the plasma shape morphing from a triangular section into a

bean-shape section every 36o. The outer vessel (OV) has a circular cross-section with a minor diameter of 4.4 m and is provided with

549 domes.

299 ports connect the plasma chamber with the external environment. They are used for diagnostics, additional heating, water and

power supply and auxiliaries. They are of 3 main shapes: circular, oval and rectangular. The ports are welded to the PV on one end and

are attached to OV domes on the other end. In order to allow the relative movements of the VV each port is provided with bellows.

The coils are supported by a 10 m diameter, 2.5 m high pentagonal coil support structure (CSS). Inter-coil supports bound the coils

together in order to resist to the electromagnetic forces and to allow part of the coil deformations. The coil system is mechanically

decoupled from the VV. 

The CSS is attached to the machine base using special vertical supports. The PV is supported and self centred using adjustable vertical

and horizontal pendulum systems. Inside the OV supports are inserted the PV and the CSS vertical supports.

The PV has already been completed and its assembly has started. The first OV module has been completed. The other components are

at different stages of completion. The paper describes the design of the components, their manufacturing and the technological choices

and the difficulties, which have been encountered and solved during the manufacturing.
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Remote Handling is very important technology in the ITER project. Even ITER is regarded as a fairly long project, for the remote

handling methods, tools and systems there is not very much development time provided. The technology has to be developed and

demonstrated a long before supplied to the site in Cadarache. This is a large challenge, because the complex operations and extremely

high reliability requirements.

In the end of 2004, the Remote Operation and Virtual Reality Centre (ROViR) was established in Tampere Finland. The start up for

this facility creation was an agreement with EFDA to host the Divertor Test Platform 2 (DTP2) in Finland. During the year 2005 the

ROViR Centre was put in action. The construction work for DTP2 is currently going on and the platform should be ready for hosting

the remote handling development by the end of 2006. After that the laboratory will receive the robots, tools and employees for the

DTP2 operation.

This abstract will give an overview of the DTP 2 platform in Tampere Finland as well as describe some other projects started in 2005.

Presentation describes some problems of the ITER remote handling and tells about the state-of-the-art solutions. It also highlights some

of the next tasks after putting the DTP2 platform in action. There are a plenty of tasks in the development of the ITER remote handling,

after DTP2 laboratory is established.
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The study of different power conversion cycles have been performed in the framework of the DEMO scoping studies. The latter studies

have the aim of providing technical information focused on the selection of DEMO parameters. The purpose of the study of conversion

cycles has been the investigation of “advanced cycles” in order to get an improvement on the thermodynamic efficiency. Starting from

the “near term” He-cooled blanket concepts (named, HCLL and HCPB), developed within the Power Plant Conceptual Studies

(PPCS)and currently considered for DEMO, conversion cycles based on a standard Rankine cycle were shown to yield net efficiencies

(net power/fusion power) of approximately 35 %. Two main features limit the efficiency of these cycles. Firstly, the heat sources in the

reactor: the blanket provides the main source, over 80 % of the total thermal power. However, the blanket only produces moderate

coolant temperatures with a range of 300-500 C. The remaining thermal power, less than 20%, is deposited in the divertor as high-grade

heat with a more respectable coolant temperature range of 540-717 C.  Secondly, the low inlet temperature of blanket coolant limits the

possibilities to achieve efficient heat exchange with the power conversion cycle. 

The parameters of HCLL model AB (He-cooled divertor) have been used for the analysis of the following cycles:

·Supercritical steam Rankine cycle: different configurations such as superheat cycle, reheat cycle, etc. have been studied. 

·Supercritical CO2 indirect Brayton cycle: the recompression cycle yields the best thermal efficiency for the Brayton cycle options. A

discussion on the results considering different parameters of the cycle will be presented in the paper. 

·Separate cycles (“dual cycle”): in order to make an optimum use of the divertor high-grade heat source, independent cycles for the

blanket and divertor have been considered.

 

A comparison of the gross and net efficiencies obtained from these alternative cycles alongside the standard superheated Rankine cycle

will be discussed in the paper as well as the current state-of-the-art of the technologies involved in the different cycles. In general, the

net efficiency of all of the He-cooled blanket concepts is low because of the high power used for pumping the helium. Considerations

of potential means for reducing the pumping power will be presented and discussed in the paper.
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ARIES-CS Team(1)
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The ARIES-CS team is conducting the final phase of its integrated study of a compact stellarator (CS) power plant, involving design

optimization through trade-offs among a large number of physics parameters and engineering constraints. Key engineering

considerations include the size of the power core, access for maintenance and the minimum distance between the plasma and coil that

affects shielding and breeding. As part of the study, several different stellarator configurations were developed and assessed, including

both NCSX-like 3-field period and MHH2-like 2-field period configurations. A number of maintenance schemes and blanket concepts

were evaluated. Our preferred option in a 3-field period configuration is a dual-coolant (He+Pb-17Li) ferritic-steel modular blanket

concept coupled with a Brayton power cycle and a port-based maintenance scheme. To help reduce the machine size, we combined thin

breeding zones with highly efficient shielding in the space-restricted regions while compensating for the breeding losses elsewhere.

Particular attention was given to the design of the coils and of the divertor, given the unique CS demands. An inter-coil structure design

was developed to accommodate the forces within each field period while allowing for the required penetrations for maintenance,

coolant lines and supporting legs of the in-vessel components. The super-conducting strands are wound around this structure. In parallel

with a physics effort to help determine the location and peak heat load to the divertor, we developed a helium-cooled W-alloy divertor

design able to accommodate 10 MW/m2. The design consists of a number of small units that can be readily adapted to the geometry

requirements of the CS divertor location, as well as to a tokamak configuration. This paper summarizes the key engineering outcomes

from the study. The most promising power plant concept is described. The engineering design of the  fusion power-core components

(including the blanket and divertor) and the coil structural design are briefly described along with a summary of the key results from the

detailed neutronics, stress, thermal-hydraulic and power cycle analyses performed in support of the design. The preferred port-based

maintenance scheme is summarized. The key stellarator-specific challenges affecting the design are highlighted, including the impact

of the minimum plasma-coil distance, the coil design requirements and the need for alpha power accommodation.
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The conceptual design for the modification of HL-2A tokamak (P1-A-34) 

Dequan LIU
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The medium-sized tokamak HL-2A, based on the former ASDEX’s main components has approached its rating operational parameters

with Ip=450kA and BT=2.8T so far. The HL-2A was originally designed to operate under an axisymmetrical double-null configuration

by two triplets of shaping coils located in the vacuum vessel. Because the shaping coils were set very close to the plasma column, the

nulls are normally fixed and the plasma has a nearly circular cross-section. It is difficult to increase the parameters further and obtain a

preferable plasma shape with certain values of trangularity and elongation. Due to the defects on upper shaping coils’ electrical

insulation, the HL-2A is presently just operated with lower single null divertor configuration. Additionally, the experiment has to

occasionally terminate due to incidental damages of the weak parts. With the experimental progress on HL-2A, the plasma stored

energy and auxiliary heating power is being increased, a more efficient, compact and tight divertor is needed.

 Based on present status of HL-2A tokamak and for satisfying the requirements of the experiment, the modification of HL-2A tokamak

device will be carried out. The modification design of HL-2A intents to obtain optimized plasma parameters, e.g., aspect ratio, Ip, b,

plasma volume, certain plasma shaping with preferable elongation and trangularity, a stable vacuum vessel easy to be maintained and

an advanced divertor.

The primary consideration of the modification is to take all of the shaping coils out of the vessel to enlarge the plasma volume. The

elongated and triangular cross section with double null of plasma is to be obtained by composite distribution of eight sets of poloidal

coils. Because all poloidal coils will be located between the TF coil and the vessel, the vacuum vessel will be remade with a smaller

size to make rooms for the poloidal coil system. With an optimized operation mode, the volt-second of the plasma may be increased a

little even if the ohmic coil is kept. The elongation and triangularity of plasma shape will be above 1.6 and 0.3 respectively. The plasma

volume can be increased by about 30%. The plasma current IP and the poloidal beta &#946;p will reach 800kA and 1.5 respectively.

The divertor is to be changed from closed configuration to an open one.

The construction period and the cost are critically taken into account, so the TF and the ohmic coils will be kept. In this case, the

HL-2A experiments in SWIP won’t be paused while the new vessel and coils are being manufactured and tested off-line. So remaking a

new vessel can shorten the modification construction period. The detailed calculations and analyses on the plasma parameters,

operation regime, control mode, configuration, engineering feasibility, stress force, divertor, first wall material, pumping, cooling, etc.

are being performed. Further physical calculation and engineering design will be stressed for better plasma performance.
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Some Technology Issues for the General Assembly of EAST

Superconducting Tokamak (P1-A-44) 

Daming Gao(1), Wu Weiyue(2), Wu Songtao(2), Zhu Baofei(2), Yao Damao(2), Pan Yinnian(2), Liao Ziying(2), Yu Jie(2), 

Chen Wenge(2), Yuan Chunyan(2), Wu Jiefeng(2), Wan Xiaoming(2), Pan Wanjiang(2)
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The construction of EAST (Experimental Advanced Superconducting Tokamak) was completed at the Institute of Plasma Physics of

Chinese Academy of Sciences (CASIPP) in January of 2006 after challenging techniques over the period of 6 years. The followed

cool-down test was also successfully performed and all superconducting magnets entered the cryogenic superconducting state

smoothly. The reliabilities for technology R&D and assembly were well demonstrated as a result of the experiment. EAST device, a

fully superconducting Tokamak consists of more 20,000 parts and possesses the configuration of 7,700mm in diameter, 7,500mm in

height and the weight of 400 tons. The complicated general assembly of EAST began in July of 2003 and nearly took two and half

years. Considering the technique ventures and the reassembly possibilities in some difficult cases the EAST general assembly was

divided into two phases. In the first phase, which has been finished by this time the assemblies for all components should be performed

except for the neck tubes, inner plasma faced components (PFCs) and a 1/16 inserting section of the vacuum vessel. In the second

phase the remainder assembly must be done after passing the cool-down test for EAST integrated device including its bus-line and

current leads.

During the general assembly not only some common difficulties for a large Tokamak need to be overcome , but also a series of

technique problems for the superconducting Tokamak itself need to be solved properly. This paper emphasizes on some key technology

issues that were faced and solved in EAST assembly process including optimization for assembly procedure, alignment of components,

ensuring to heat insulation gaps, installation of unique parts, treatment of electro insulation, improvement on heat transferring, control

on deformation of vacuum vessel etc.. Besides, the quality control (QC) methods which made important contributions to the general

assembly are also described.
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Design upgrading on Ignitor Machine (P1-A-67) 

Antonio Cucchiaro(1), Aldo Bianchi(2), Alberto Coletti(1), Bruno Coppi(3), Paolo Frosi(1), Flavio Lucca(4), Anna Marin(4), 

Giuseppe Mazzone(1), Bruno Parodi(2), Aldo Pizzuto(1), Giuseppe Ramogida(1), Massimo Roccella(1)
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4. L.T. Calcoli P. Prinetti 26/B 23807 Merate (LC) Italy

Ignitor is a high field compact machine conceived to achieve ignition in D-T plasma. The upgraded design of the Plasma Chamber (PC)

and of the First Wall (FW) system consider the updated scenarios for IGNITOR vertical plasma disruption (VDE). The electromagnetic

(EM) loads arising from halo currents and net horizontal force with the proper toroidal distribution have been envisaged. The dynamic

elastic-plastic structural analysis of the PC has brought to a tayloring of the wall thickness such to reduce the displacements within the

clearance with toroidal coil.

A detailed 3D finite elements model has been developed in order to evaluate the electromagnetic loads on FW. The thermal loads arisen

from plasma heat loads (peak value 1.8 MW/m2) have been also considered. In any case the maximum calculated stresses are within

the allowable limits.

The relevant 3D virtual mockup software simulates the inside of the PC including the entire boom with end-effector. This allowed for

the analysis of the boom kinematics to cover all positions with the various end-effectors to assess the Remote Handling task operations.

The structural analysis of the IGNITOR machine Load Assembly has been performed taking into account the friction coefficients

between the significant components. The non linear analysis takes into account for both the in-plane and the out-of-plane loads. The

vertical plasma disruption conditions (VDE) result in bigger out-of-plane loads than the normal operating conditions.

Keys of proper dimensions between the 30° extension C-Clamps modules was adopted to assure structural stability.  As far as the

interlaminar shear stresses on toroidal field coils are concerned, the related safety factors are decreased respect to the normal operating

conditions, but remaining around 2.
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System Upgrades to the DIII-D Facility (O1A-A-252) 

A.G. Kellman, for the DIII-D Team
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During the last 12 months, the DIII-D facility completed a program of major upgrades to the tokamak and subsystems. These new

upgrades address a wide range of issues that advance the fundamental goals of the DIII-D program; i.e. advancing the physics of

advanced tokamaks, exploring basic fusion physics, and addressing critical issues for ITER.

The major upgrades performed include: (1) conversion from 2 long pulse and 2 short pulse gyrotrons to 4 long pulse, 1 MW gyrotrons

with system modifications complete for 6 gyrotron operation, (2) rotation of one neutral beamline (2 of 7 sources) from co- to counter

injection including required diagnostic modifications, (3) installation of a new water cooled, lower divertor shelf with full graphite tile

coverage to enable density control in highly triangular double null divertor and ITER-like single null discharges, and (4) installation of

two new cooling towers for longer pulse and higher heat loads. In addition, smaller upgrades of other subsystems and components

included a higher power and bandwidth resistive wall mode stabilization system, installation of four new rows of contoured graphite

tiles on the centerpost to reduce carbon erosion and improve toroidal uniformity, refurbishment of the FWCD antenna including a

different Faraday shield, redesign of the toroidal field feed point with significantly reduced field error, and more than 20 diagnostic

upgrades including a new Motional Stark effect system, an enlarged BES system, and a new fast ion profile diagnostic. Significant

enhancements to the plasma control system, now comprising more than 20 high speed CPUs, include faster cycle times for MHD

stabilization studies; new algorithms and real time diagnostics (MSE and CER) to enable closed loop control of plasma rotation and

current profile. The beamline rotation allows a mix of both co- and counter-injection and will enable the study of the physics of plasma

rotation, stabilization of RWM at low rotation, modulated ECCD for NTM stabilization, and ELM-free regimes at low rotation. Both

the engineering issues involved in many of these upgrades as well as initial results from the new systems will be presented.

This work was supported by the U.S. Department of Energy under DE-FC02-04ER54698.
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Freudenberg(1), Paul L Goranson(1), Jeffrey H. Harris(1), Philip J. Heitzenroeder(3), Arnold D. Lumsdaine(2), Madhu A.
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2. University of Tennessee Magnet Development Laboratory 10521 Research Drive 37932 Knoxville USA, TN
3. Princeton Plasma Physics Laboratory P.O. Box 451 08543-0451 Princeton New Jersey, USA

The Quasi-Poloidal Stellarator (QPS), currently in the R&D and prototype construction phase, is a very-low-aspect-ratio (R/a

&#61619; 2.3, 1/2-1/4 that of existing stellarators), compact stellarator experiment with a non-axisymmetric, near-poloidally-symmetric

magnetic field that is more like a linked-mirror configuration than the axisymmetry of other toroidal experiments.  The QPS design

parameters are <R> = 0.9 m, <a> = 0.3-0.4 m, B = 1 T, a 1.5-s pulse length, and 3-5 MW of ECH and ICRF heating power.  The

stellarator core consists of a set of modular coils that provide the primary magnetic field configuration, auxiliary coils including vertical

field and toroidal field coils, machine structure, and an external vacuum vessel.  The modular coils represent the most difficult part of

the core design and fabrication and require the most innovation.  The coil set has two field periods with 10 modular coils per period and

is placed inside an external cylindrical, domed vacuum vessel.  The coils are made of internally cooled, flexible copper cable conductor

wound on a cast, precision-machined stainless-steel structural winding form and vacuum impregnated with a high-temperature cyanate

ester resin.  A 3.5-tonne prototype modular coil winding form was cast using a patternless process (machining the sand mold) that

resulted in a superior casting with far fewer major weld repairs than a conventional sand casting.  The coil form also provides the

support features that allow the coils to be connected into an integral structure.  The internal cooling tube of the cable conductor is filled

with a low-melting-temperature eutectic, which avoids crushing the cooling tube during cable manufacture and winding.  The external

vacuum vessel avoids the need to fabricate a complex-shaped vacuum vessel in sections, slipping complex-shaped nonplanar coils over

the vessel with toroidally varying cross section, and welding a large number of vessel port extensions.  However, the modular coil set is

in the same vacuum region as the plasma, so the coils must be canned for compatibility with the vacuum.  An R&D program is

underway that includes extensive conductor characterization and testing, vacuum canning studies, and practice coil winding studies as

well as the fabrication of the full-size prototype modular coil.  This paper describes the status of QPS engineering design, R&D,

prototype construction, and analysis.

* Research supported by USDOE under contract DE-AC05-00OR22725.
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Metrology of WENDELSTEIN 7-X Results of first Component Adjustment

(P1-A-357) 

Torsten Braeuer

Max Planck Institut für Plasmaphysik IPP Wendelsteinstrasse 1 17491 Greifswald Germany

One of the main aims of WENDELSTEIN 7-X is to proof the concept of an advanced magnetic field configuration for an optimised

plasma confinement. Particularly for that reason but also to cope with the high requirements on mechanical stability of the magnet

system there are high requirements on the geometrical adjustment accuracy of main components like coils, support structure, vacuum

vessel (VV) and plasma facing components.

In relation to the dimension of the complete experiment of roughly 15 m in total diameter  the required positioning accuracies of the

main components per assembly step are in the range of 0.5…1.5 . 10-4.

The paper presents the results of coil and VV adjustment for the first half module of W7-X (1 of 10). Here the required component

positioning accuracies are 0.7…1.0 mm for coils and 2 mm for VV respectively. It is shown that the alignment requirements can be

achieved by the present adjustment procedures. In particular the metrology procedure and metrology equipment used for adjustment

and control measurements are described. For VV a deformation analysis of the welding of two VV-sectors is given.

For coil to coil assembly special kinds of shim elements have to be prepared and assembled. Therefore a coil has to be adjusted in its

nominal position and the thickness of the shim element has to be measured. After that, the coil has to be removed, the shim element has

to be manufactured and assembled and the coil has to be brought back to its original position. For this procedure a higher positioning

accuracy of &#8804; 0.5 mm is required. This procedure and its limitations are discussed.
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JT-60SA, the former JT-60SC and NCT, a superconducting tokamak positioned as the satellite machine of ITER, collaborating with

Japan and EU fusion community, aims at contribution to ITER and DEMO through the demonstration of advanced plasma operation

scenario and the plasma applicability test with advanced materials. After the discussions in JA-EU Satellite Tokamak Working Group

in 2005, the increased heating power, higher heat removal capacity for the plasma facing components, improvement of the radiation

shielding, the remote handling system for the maintenance of in-vessel components, and related equipments are planed to be

additionally installed.

  With such full equipments towards the increased heating power of 41 MW (34 MW-NBI and 7 MW-ECH) with 100 s, the prospective

plasma performances, analysed by the equilibrium and transport analysis codes, are rather improved in the view point of the

contribution to ITER and DEMO relevant research. Accessibility for higher heating power in a higher density region enables the lower

normalized Larmor radius and normalized collision frequency close to the reactor relevant plasma with the ITER-similar configuration

of single null divertor plasma with the aspect ratio of A=3.1, elongation of k95=1.7, triangularity of d95 (q95) in the plasma current of

Ip=3.5 MA, toroidal magnetic field of BT=2.59 T and the major radius of Rp=3.16 m. The increases in the electron temperature, beam

driven and bootstrap current fraction by the increase of the power of Negative ion based NBI (10 MW) reduce the loop voltage and

contribute to increase the maximum plasma current of ITER similar shape. Full non-inductive current drive controllability is also

extended into the high density and high plasma current operation towards high beta plasma.

  Flexibility in aspect ratio and shape parameter is kept the same as NCT, i.e. a double null divertor plasma with A=2.6, k95=1.83,

d95=0.57, Ip=5.5 MA, BT=2.72 T, and Rp=3.01 m which strongly supports the plasma shape optimisation oriented to high-beta plasma

research. The increased heating power extends the operation windows of break-even class plasma and high-beta plasma beyond the

free-boundary MHD stability limit and the research area of an advanced plasma control towards DEMO.

  The operation scenario for the advanced plasma performance will be precisely investigated.
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Kihak Im
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The ITER tokamak is assembled from 9 machine sectors, each with a toroidal angle of 40°, and comprising a sector of vacuum vessel

(VV), two toroidal field coils (TFCs), the associated VV thermal shield (VVTS), and a pair of intermediate outer intercoil structure

(IOIS) friction joints, which connect the outboard regions of the two TF coils. The components are delivered to the site individually,

and sub-assembled to form the machine sectors using purpose-built jigs and fixtures in a large assembly hall.

The machine sectors are transferred to the cryostat pit sequentially. The TFCs and VVTS sectors are connected sequentially,

immediately following transfer, whereas the VV sectors are joined (welded) to form large, 120° grouped sectors, which are later

connected by simultaneous welding of the 3 open joints, according to a plan which aims to minimise deformations, and the associated

technical risk.

Detailed design concepts have been developed for the massive jigs, fixtures and lifting tools that will perform the component

manipulations, alignment, support and immobilization functions defined by the assembly procedure. The specification for these tools is

exacting. They must have the capability of maintaining the position of the major ITER components, each with linear dimensions ~ 20

m, and mass in excess of 300 tonne, within a tolerance in the low mm range, whilst facilitating the assembly operations, and assuring

worker safety, throughout the entire sub-assembly and assembly process. 

 

This paper describes the design, and operation of the 5 large assembly tools: the Upending Tool, used to rotate the components from the

horizontal orientation in which they are delivered, to the vertical orientation for assembly; the Sector Lifting Tool, which transfers the

major components between the different assembly tools, and the 1200 tonne machine sector to the cryostat pit; the Sub-Assembly Tool,

in which the major components are integrated to form the machine sector; the support and bracing tools for the VV sector; and the

in-pit tools which support, adjust and align the TFCs, and Vacuum Vessel during final installation in the cryostat.

The structural stability of the tools has been evaluated using the ANSYS code, and the results of the analyses will be reported in the

paper.
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Wendelstein 7-X Torus Hall Layout and System Integration (P1-A-436) 

Dirk Hartmann(1), Carlo Damiani(2), Hans-Jürgen Hartfuss(2), Rüdiger Krampitz(2), Ulrich Neuner(2)

1. Max Planck Institut für Plasmaphysik IPP Wendelsteinstrasse 1 17491 Greifswald Germany
2. Max-Planck-Institut für Plasmaphysik, Teilinstitut Greifswald Wendelsteinstraße 1 17493 Greifswald Germany

Wendelstein 7-X is an experimental fusion device presently under construction in Greifswald, Germany, to study the stellarator concept

at reactor relevant parameters und steady-state conditions. The heart of the machine consists of the torus that houses the

superconducting coils and the plasma vacuum vessel. It is located nearly in the center of a 30m x 30m x 20m hall. A large number of

components need to be placed in close proximity of the torus to provide the system with the required means, e.g. cryogenic gases,

cooling water, electricity, and to integrate it with the peripheral diagnostic and heating components. The arrangement of these

components has to be supported by suitable structures, and has to be optimized to allow for installation, maintenance, and repair. In

addition, space has to be provided for escape routes and for sufficient distance between components that could negatively influence

each other’s performance, etc. 

The layout of the components has been done over many years using 3D CAD software. It was based on simple geometric models of the

components and of the additionally required space. Presently the layout design is being detailed and updated by replacing the original

coarse models with more refined estimates or - in some cases – with as-built models. All interface requirements are carefully taken into

account. Detailed routing was specified for the cryo and cooling water supply lines whose design and installation is outsourced. Due to

the limited space available and severely restricted access during experimental campaigns, the requirement to put auxiliary components

like electronic racks into the torus hall is being queried. 

The paper summarizes the present state of the component layout in the torus hall, and how the peripheral supply, diagnostics, and

heating systems are integrated into the machine.
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System engineering and configuration control management in ITER

(O1A-A-533) 

P. Barabaschi, Hans Werner Bartels, S. Chiocchio, J. How, E. Martin, W. Spears

ITER Garching Joint Work Site, Max-Planck-Institut für Plasmaphysik Boltzmannstrasse 2 D-85748 Garching Germany

The construction of ITER will represent a major challenge for the fusion community at large, because of the intrinsic complexity of the

tokamak design, the large number of different systems which are all essential for its successful operation, the worldwide distribution of

the design activities and the unusual procurement scheme based on a combination of in-kind and directly funded deliverables.

Past experience from similar large science projects and from the authors&#8217; direct experience in managing the design activities

during the ITER Transitional Activities phase, has shown that key requirements for the success of such a large project are the

establishment of effective project management methods, the deployment of tools and working practices that facilitate the

communication and collaboration among several institutions, and a strong focus of  the Central Team on the integration activity. 

During the Transitional Activities phase the ITER Central Team has made a large effort to ensure that appropriate tools and design

methods are  fully deployed at the start of the construction. In particular, the selection of the design, drawing and documentation

management software has been critically reviewed and substantial upgrades have been introduced.

A detailed breakdown structure of the plant has been completed and the design activities and information management system has been

organized around it. 

Configuration management procedures in line with industry standards have been introduced in the project and are currently applied to

keep track of all changes and for the management of requirements and interfaces.

The authors have been involved in the definition and practical implementation of the design integration and configuration control

structure inside ITER. Here they describe the experience gained in recent years, explain the drivers behind the selection of the CAD and

document management systems, and illustrate what they believe will be the future needs for a successful completion of ITER.
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DESIGN STATUS OF THE ITER CRYOSTAT HIGH VACUUM PUMPING
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M. Wykes(1), C. Day(2), D. Murdoch(3), V. Hauer(2)

1. D3-132 UKAEA Fusion Culham Science Centre OX143DB Abingdon UK
2. Forschungszentrum Karlsruhe PO Box 3640 D-76021 Karlsruhe Germany
3. EFDA Close Support Unit Boltzmannstr. 2 85748 Garching Germany

The superconducting magnets and structures of ITER are enveloped by the cryostat vessel which, during normal operation, is evacuated

to 0.1 mPa to limit the gas conduction heat load to the cold components to an acceptable level. When the magnets are cold all gases

except helium (and to an extent protium) are pumped by the cold magnet surfaces; the former gas arises from leaks in helium bearing

pipework inside the cryostat while protium outgases from the warm metallic surfaces facing the cryostat vacuum. Neutron irradiation of

epoxy can result in evolution of protium and alkanes. Prior to magnet cool-down, the cryostat has to be pumped down from the

crossover pressure of 10 Pa (reached using the mechanical rough pumps) to the nominal operating pressure of 0.1 mPa by the cryostat

high vacuum cryopumps. In this operation mode the gas load comprises mainly air and water, the latter outgassing from the ~ 1300 m2

of vacuum facing epoxy of the poloidal field coils. In order to pump protium and helium at 5 K, the pumping mechanism is

cryo-sorption. The sorbent panels have provision for regeneration at three temperature levels, 100 K for helium and protium

regeneration, 300 K for regeneration of air-likes and to 475 K for regeneration of water-likes. The last two mentioned have an influence

on the sorbent at increasing dose while the amount of helium that can be pumped without regeneration is limited by the sorbent helium

capacity. Protium accumulation is limited by the safety requirement to keep the peak regenerated concentration below 1.5 mole/m3,

corresponding to a peak deflagration pressure of 0.2 MPa in the event of an air leak into the closed pump prior to or during

regeneration. 

 For the cryostat cryopump, adequate total pumping speeds are required for the timely evacuation of water and air during the transient

pump-down. Likewise a good helium pumping speed is needed for pumping helium coolant leaks into cryostat vacuum and to obtain an

acceptable response time during helium leak testing of the cryostat vacuum boundary and internal components. To provide pumping

continuity during regeneration, two cryostat cryopumps are used. To minimize procurement cost, the cryostat cryopumps are of

virtually identical design to the torus cryopumps. Thus these cryopumps must meet the all design requirements for both the cryostat and

torus exhaust operation modes. 

 The cryostat cryopumps play a safety role by pumping air leaks in the cryostat vacuum envelope. Such leaks could engender an ozone

hazard if excessive amounts of air were to freeze out on the 5 K structures and be subsequently irradiated beyond a critical dose. Since

the cryopumps act as a leak integrator, air leak levels well below the safety threshold are detectable. 

The paper describes the design basis of the cryostat cryopumps, including all operating modes and the current design status. 
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Overview of Site Preparation (O1A-A-566) 

Pascal Garin

Agence ITER France Cadarache  F-13108 St Paul Lez Durance France

The preparation of Cadarache as the host of ITER is organised at a double level:

Europe, since the beginning of the candidature in 2001, is coordinating the so-called European ITER Site Studies;

France, as the host country, has put in place a dedicated structure at a decisional level (close to the government), and operational level

in the PACA region with two entities:

The Agency Iter France (AIF), inside the CEA, interlocutor of international and European entities, in charge of site preparation and

fund recollection;

An accompanying prefectoral mission, in charge mainly of road adaptation and the international school.

The paper will cover all the aspects related to the preparation of the implementation of ITER:

Technical aspects: the progress of site preparation itself, its servicing (water supply, electrical supply, Internet…), the road adaptation

between the large harbour of Fos-sur-mer and Cadarache, etc. will be detailed.

Regulatory procedures: in the framework of the delegation that the ITER partners gave to the CEA/AIF on 14th September 2005, two

main large files are in progress:

The public debate, organised by an independent authority, informs the population of the challenges and impacts of ITER in Provence;

The safety documents: the writing of the preliminary safety report, which will be submitted to the Nuclear Safety Authority and the

files submitted to the public during the public enquiries are ongoing.

Socioeconomic aspects: the welcome of ITER staff and their families is operational, via a dedicated Welcome Office; the location of an

international school in Manosque leads now to its prefiguration.

The overall organisation will be described, as well as all planning forecast for the coming years, leading to the start of construction.
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DESIGN AND TEST OF THE REMOTE-STEERING ITER ECRH UPPER-PORT

LAUNCHER (P3-B-42) 

Toon Verhoeven(1), Waldo Bongers(1), Alex Bruschi(2), Ben Elzendoorn(1), Angela Fernandez(3), Gert Gantenbein(4), 

Martijn Graswinckel(1), Mark Henderson(5), Roland Heidinger(4), Walter Kasparek(6), Oge Kruijt(1), Bram Lamers(1), 

Burckhard Plaum(6), Dennis Ronden(1), Gabriella Saibene(7), Chris Schuller(1), Egbert Westerhof(1), Hartmut Zohm(8)

1. FOM Institute for Plasma Physics Rijnhuizen Edisonbaan 14 3439 MN Nieuwegein The Netherlands
2. IFP-CNR, Assoc. EURATOM-ENEA-CNR sulla Fusione via Cozzi 53 20125 Milano Italy
3. CIEMAT, FUSION Avenida Complutense 22 28040 MADRID SPAIN
4. Forschungszentrum Karlsruhe HVT-TL Postfach 3640 D-76021 Karlsruhe Germany
5. CRPP EPFL 1015 Lausanne Switzerland
6. Institut für Plasmaforschung Pfaffenwaldring 31 D-70569 Stuttgart Germany
7. EFDA CSU-Garching Boltzmannstr. 2 D-85748 Garching bei München Germany
8. Max-Planck-Institut für Plasmaphysik Boltzmannstr. 2 85748 Garching Germany

The design of the mm-wave system for the ITER upper ports is being carried out with the aim to inject Electron Cyclotron Waves

(ECW) in the plasma in order to stabilize neoclassical tearing modes (NTM). Four ports are reserved for the upper launchers which are

equipped with six to eight mm-wave lines, each capable of transmitting high power up to 2 MW at 170 GHz. 

In order to exploit the capability of ECW for localized heating and current drive over a large range of plasma radii in ITER, the

ECH&CD upper port launcher needs a beam steering capability. Two alternative approaches are being studied in Europe under EFDA

tasks. The “clas-sic” lay-out, Front Steering (FS), has rotating mirrors near the plasma. To avoid moving water-cooled components at

the plasma-facing end of the launcher, e.g., mirrors and cooling lines, an alternative solution, Remote Steering (RS) is studied by a

number of European institutes, as well.

In the case of RS, the mm-wave beam is brought into the ITER vacuum vessel by a long square corrugated waveguide. The mm-wave

beam will leave the waveguide at the plasma side under the same (but opposite) variable angle as the input angle and reflect on a set of

2 mirrors towards the ITER plasma, a so-called “dog-leg” set-up. 

The design work so far has demonstrated the feasibility of the remote-steering approach in the ITER environment. To validate (with

respect to power-loss, antenna patterns & polarisation) the design work a full-scale mock-up line at 170 GHz has been built and

successfully tested both at low power at Rijnhuizen and at high power on the coaxial, short pulse gyrotron at FZK. 

New design efforts are ongoing in order to improve the limited current-drive capability of the RS set-up at the relevant NTM positions.

An increase of the square waveguide length to 8 m is foreseen to enable the efficiency to increase the current-drive capability to the

minimum levels that are needed to stabilize the 3/2 and 2/1 NTM modes in nearly all ITER scenarios.

This work has been carried out under the EFDA technology research programme activi-ties, EFDA technology task

TW5-TPHE-ECHULA/B, with financial support from NWO.

[1] 	B.S.Q. Elzendoorn et al., “Development of a full scale remote steerable ECRH mm-wave ITER launching system test set-up for cw

operation”, this conference

[2] 	D.M.S. Ronden et al., “Parameterized modeling of mm-wave beam propagation of the ITER ECRH remote steering upper port

launcher in CATIA”, this conference
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Solid State Gyrotron Body Power Supply, Test Results (P3-B-53) 

maurizio santinelli(1), Renè Claesen(1), Tullio Bonicelli(2), Giuseppe Taddia(3), Miguel Pretelli(3), Luca Sita(3), Luigi

Rinaldi(3)

1. Associazione EURATOM- ENEA sulla Fusione, Via Enrico Fermi 45, I-00044 Frascati (RM), Italy
2. EFDA CSU-Garching Boltzmannstr. 2 D-85748 Garching bei München Germany
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A 170 GHz, 2 MW, steady state  gyrotron is being developed in collaboration between European research associations and industries to

be used for the Electron Cyclotron Resonance Heating (ECRH) system of  ITER, the gyrotron is presently in the prototype state.

EFDA entrusted ENEA with the design of a new power supply for the gyrotron’s body (Body Power Supply); in which, the traditional

power vacuum tubes are replaced with solid state components (IGBT); furthermore ENEA had the task of developing the new BPS,

following the initial conceptual design.

The BPS is formed by fifty identical bidirectional (in current) modules, in series connected; the BPS’s control system regulates the

output voltage by changing the modulation index. 

OCEM SpA, under the ENEA’s supervision, has completed the manufacture of the BPS.

Tests done at the start of this year showed the perfect agreement between  the initial technical specifications and the design parameters.

Particularly the ramp-up/down (50-10 microsec.), the accuracy (±0.5%), the modulation (45-20kV-5kHz) and the maximum phase-shift

(<10°) have been tested. 

In the article, the new SWM (Stair-Way Modulation) scheme will be sketched and the test’s results will be described in detail.
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remote steering upper port launcher in CATIA (P3-B-72) 

Dennis Ronden, Waldo Bongers, Ben Elzendoorn, Martijn Graswinckel, Ogé Kruyt, Bram Lamers, Toon Verhoeven

FOM Institute for Plasma Physics Rijnhuizen Edisonbaan 14 3439 MN Nieuwegein The Netherlands

For ITER, an ECRH upper port launching system is being developed [1]. This system will consist of 24 beam lines (divided over 4

upper ports), each capable of delivering up to 2 MW of 170 GHz ECW (Electron Cyclotron Wave) power to the plasma. This power is

used primarily for the stabilization of NTM’s (Neoclassical Tearing Modes), for which the launcher requires beams that can be steered

over a range of ~ 30°. In order to achieve steering capability of the mm-wave beams, two design philosophies are being investigated;

front steering (FS) and remote steering (RS). The FS design uses the more conventional approach of a plasma facing steerable mirror in

the front of the upper port plug, while the RS design uses corrugated square waveguides (one for each of the 24 lines) within the upper

port plugs through which the beams can be steered under an angle of up to +/- 12°. The steerable mirrors of this design are placed at the

entrances of the square waveguides, outside of the first confinement boundary (provided by water-cooled diamond windows) of the

vacuum vessel. At the exit of each square waveguide, a set of two focusing mirrors is placed in a dogleg configuration to guide the

beam towards the required locations inside the ITER-plasma and to ‘blow up’ the steering range to conform to the requirements.

With the use of Catia, a 3D model has been developed which is capable of accurate visualization of the mm-wave beam along the entire

transmission line. Because this model uses parameterized equations to calculate the quasi optical beam propagation, it can show the

effects of a change of the locations or of the optical properties of any of the transmission line components. Furthermore it also

accurately calculates the effects the square waveguide has on the propagating beams as a function of its steered angle. Measurement in

the 3D model of the beam size at its target inside the ITER plasma has proven to give a good indication of the launcher’s performance.

It has also become clear that the 3D visualisation of the beam propagation in the structural design can result in a much more efficient

use of the confined space inside each upper port plug – space that is also needed to locate sufficient neutron shielding and cooling

structures, as well as to allow access for remote-handling tools.

[1]	A.G.A.Verhoeven et al, "Design and Test of the Remote-steering ITER ECRH Upper-port Launcher", this conference
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Michael Loughlin(1), Graham Lawrence(2)
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The proposed ITER Neutral Beam Test Facility (NBTF) is designed to operate with negative ion neutral injectors in order to provide

the required beam power and efficiency. The operation of the neutral beam test bed involves the firing of a beam of deuterons into a

calorimeter. The deuterons will become embedded in the calorimeter and subsequent particles can be involved in deuterium fusion

reactions. There are two branches of this reaction which have approximately equal probability. These are:

D + D => 3He + n

D + D => 3H + p

Because of this relationship, it is possible to estimate the level of tritium production accurately by measuring the neutron production.

The proposed testing campaign will generate an annual tritium discharge to the atmosphere of about 246GBq.

An absolutely calibrated neutron monitor is needed for tritium accounting but difficulties arise because the neutron source is complex:

it is spatially extended and varying and is anisotropic. Furthermore the material of the injector will cause significant scattering of

neutrons between the source and any detector. To resolve these problems it is proposed that a set of detectors is deployed around the

injector and that a neutron source be placed within the injector is used to calibrate them. 

Very detailed Monte-Carlo calculations have been carried out to model the neutron transport thought the NBTF. All major component

of the injector have been modelled. These include the calorimeter, the residual ion dump, the neutraliser, the beam source, the HV

bushing and the vacuum vessel. The spatial variation of the neutron source, based on the deuteron deposition on the calorimeter and the

residual ion dump has been simulated. The effects of anisotropy and the angular dependence of the neutron energy spectrum have been

included. The calculations demonstrate that such a suite of detectors can be calibrated using a 252Cf source to absolutely determine the

neutron and therefore the tritium production to an accuracy of better than 10%.

A range of radiation monitoring devices and strategies are proposed in and around the facility to meet modern health & safety

standards. The instrumentation for monitoring discharges to the stack and active drains, which can be met from existing commercial

supplies, is described. 

This work was funded jointly by the UK Engineering and Physical Sciences Research Council and by the European Communities and

EURATOM and undertaken as part of an EFDA task.
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DESIGN OF THE ITER ION CYCLOTRON HEATING CURRENT DRIVE

SYSTEM BASED ON  IN-VESSEL TUNING SYSTEM (P3-B-106) 

Karl Vulliez(1), Bosia Guiseppe(2), Agarici Gilbert(1), Beaumont Bertrand(1), Argouarch Arnaud(1), Pietro Testoni(3), 

Magiora Ricardo(4), Milanesi Daniele(4), Brun Cyril(1), Mollard Patrick(1)

1. Association Euratom-CEA, DSM, DRFC CEA Cadarache 13108 St Paul Lez Durance France
2. Universita di Torino dipartimento di Fisica Generale 10125 Torino Italy
3. Consorzio RFX - Associazione EURATOM -ENEA sulla fusione Corso Stati Uniti 4 I-35127 Padova Italy
4. ENEA/EURATOM Fusion Association, Politecnico di Torino Corso Duca degli Abruzzi 24 10129 Torino Italy

Since the release of the ITER ICRH system Reference Design report [1], many studies have been conducted. The basic of the reference

design[2 is kept unchanged but several significant modifications have been proposed for a better efficiency and reliability. 

The main modification concerns the Compact Vacuum Tuner (CVT) that is now located 2 meter back from its original position and

simply made with a variable open-circuit line. The CVT being now close to the torus chamber and surrounded by 400mm of neutron

shield, it is therefore less exposed to demanding ITER operating conditions. Moreover, this tuning element, larger in dimension

presents the advantage to lower the maximum E-field inside the component, allowing a smoother use all over the required frequency

band.

The design also address technical aspects insufficiently covered in previous studies like its full integration on a mid-plane port

satisfying the constraints of the current ITER port design. Others changes and studies will be also described in the paper, like handling

and assembly procedure, supporting and cooling methods of the inner component. Thermo-mechanical calculation of the structure

including neutron field loads will also illustrate this article.

[1] ITER Final Design Report : DDD 5.1 –Ion Cyclotron and Current Drive System, July 2001.

[2] Final Report on EFDA contract 04/1129, “ITER ICRF antenna and Matching system design (Internal matching)”, April 2005.
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Thermal behavior of the LHCD launchers in Tore Supra (P3-B-109) 

Christophe Portafaix(1), Ph Bibet(2), J.H. Belo(3), A. Boué(2), M. Chantant(2), L. Delpech(2), A. Ekedahl(4), J.P. Gaston(2),

M. Goniche(2)

1. Association Euratom-CEA, DSM, DRFC CEA Cadarache 13108 St Paul Lez Durance France
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An actively cooled lower hybrid current drive (LHCD) launcher has been installed in 1999 with the goal of injecting 4MW during

1000s at 3.7GHz in the Tore Supra tokamak. This antenna has been thermally designed in order to withstand a plasma radiated power

of 0.15MW.m-², the RF losses and a convected power flux of 10MW.m-² on its guard limiter made of CFC tiles.

This antenna has permitted to inject two thirds of a power of 3MW during 6 minutes, allowing to reach a world record energy of

1.08GJ at significant power level. During the shots, the temperature of the antenna front part is measured with infrared cameras and on

the back with thermocouples. The energy removed by the cooling water loop is also recorded. 

The infrared analysis and the calorimetric balance sheet for discharges with LHCD (1-4.5MW), as well as with LHCD combined with

ion cyclotron resonance heating (ICRH) in the range 2-8.5MW, show that the temperature increase and the energy are higher than

expected taking into account all the heat sources and especially the RF losses assessed with the HFSS finite element code.

The thermal measures have been compared with 2D and 3D finite elements calculations with the Cast3M and the ANSYS codes taking

into account the RF losses, the plasma radiated heat flux and some additional heat flux on the antenna and guard limiter surface in front

of the plasma. The RF losses are consistent with the CAST3M simulations, based on the temperature increase of the waveguides

measured with thermocouples.

The main conclusion of this study is that an additional heat flux of about 1MW.m-², localized on the bottom left corner on the antenna

(viewed from inside the tokamak), is required to explain the increase of the measured temperature, this heat (power) source, which

depends on the injected ICRH power and on the plasma density. This source is most likely due to the interaction of fast ions whose

orbits are impinging on the limiters and antennas on the low field side of the tokamak, below or at the mid-plane. 

Topic B: Plasma heating and current drive
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Automatic control of the ITER Ion Cyclotron system (P3-B-118) 

Giuseppe Bosia

Universita di Torino dipartimento di Fisica Generale 10125 Torino Italy

The ITER Ion Cyclotron Heating System should routinely operate close to the maximum nominal RF power output (20 MW) in

quasi-continuous operation, with infrequent power interruptions, due to voltage breakdowns and/or equipment protective actions. 

An efficient power transfer from the IC array to the plasma requires a sophisticated control system capable of: i) controlling the array

radiation spectrum during the power pulse, so as to optimize plasma coupling and absorption and to minimize parasitic power losses in

the plasma edge; ii) maintaining the RF power flow to the plasma against significant load variations, including fast fluctuations induced

by ELMs; iii) reliably detecting and suppressing RF voltage breakdowns in the array and/or in the transmission system, with a time

response of few microseconds, to limit the energy deposited in the arc and to avoid local equipment damage; iv) providing an accurate

real time performance assessment 

In this paper a method of fully automatic control of the ITER ICH system is proposed.

In particular, the problem of an efficient and reliable arc detection in the array and in the associated transmission line(s) is addressed

and ways to maintain the required power flow to the plasma in case of partial fault conditions analyzed.
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The paper describes the design activities of the ITER Ion Cyclotron RF antenna assembly. In view of the relative complexity (shape

and size) of the system to be analyzed, 3D finite-element models have been used in order to calculate the applied electromagnetic loads,

torques and forces on the structure during plasma disruption events. Due to the essentially co-axial structure of the system, the analysis

is carried out in two steps. First the outer structure is analyzed (support structure, neutron shield and Faraday shield). The magnetic

field variation penetrating the outer structure is then computed and applied to the inner structure (four port junction, coaxial lines and

straps). In this way, the shielding effect of the outer structure is properly taken into account. The analysis is carried out by first

computing the eddy current induced by the imposed poloidal and radial magnetic field variations in the structures (EM models). The

applied loads are then computed in each element from the JxB cross product of the current distribution in the structure with the local

static magnetic field components in toroidal, vertical and radial direction (BT, BV and BR) and stresses and deformations derived. 

Concerning the outer part of the antenna, results have shown that the poloidal field variation causes a torque along the radial axis of

about 6.6 MN.m and a net force in the same direction of 0.56 MN. The stresses are significant only in the Faraday shield and along the

connection of the Faraday shield with the plug. The radial field variation produces a torque along the poloidal axis of about 1.3 MN.m

and a torque along the toroidal axis of about 0.6 MN.m. Also in the radial case, the stresses are significant only in the Faraday shield

and along the connection of the Faraday shield with the plug. 

Concerning the inner part of the antenna the poloidal field variation causes a torque along the radial axis of about 19.9 kN.m and a net

force in the same direction of 1.3 kN. Moreover the same field variation causes a torque along the toroidal axis of about 3.9 kN.m. The

torques and net forces in the other directions are very small. The radial field variation produces a torque in the poloidal direction of

about 12.7 kN.m and a torque in the toroidal direction of about 5 kN.m. For both the poloidal and radial field variations the stresses are

below the yield strength of the steel AISI 316 LN and the maximum displacement is 1.6 mm.
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Development of a full scale remote steerable ECRH mm-wave ITER

launching system test set-up for cw operation (P3-B-126) 

Barthomeus Elzendoorn

FOM Institute for Plasma Physics Rijnhuizen Edisonbaan 14 3439 MN Nieuwegein The Netherlands

An ECRH (electron-cyclotron resonance heating) remote steering launching system for the ITER upper ports is being designed. The

aim of the system is to inject Electron Cyclotron Waves (ECW) in the ITER plasma in order to stabilize neoclassical tearing modes

(NTM). Each upper-port remote steering launcher consists of six mm-wave beam lines capable of transmitting high power up to 2 MW

at 170 GHz into the plasma. In order to exploit the capability of ECW for localized heating and current drive over a range of plasma

radii in ITER, the ECH&CD upper port launching system must have a beam steering capability. To avoid movable mirrors at the

plasma-facing end of the launcher, the concept of remote mm-wave beam steering (RS) is used, having six square corrugated

waveguides and three sets of two fixed dog-leg mirrors located inside the port-plug. For reasons of reliability and maintenance the

launcher steering mechanisms and steering mirrors are placed outside of the first confinement boundary of the ITER vacuum vessel.

FOM is developing a full-scale mm-wave launching system mock-up. All mm-wave components will be provided with active cooling

in order to perform cw operation at a 2 MW power level. The test set-up foresees in most of the typical ITER operation conditions e.g.

primary vacuum and the secondary vacuum, blanket cooling and component cooling conditions. All relevant operational ITER

conditions except neutron radiation can be simulated, including baking conditions. The length of the launching system has increased by

roughly a factor of two in order to enhance the system performance substantial. The new launching system will be in the order of 10

meters long including the steering systems and the dog-leg mirrors. The mock-up will first be tested at low power in the Netherlands. In

2007 high power cw tests at 2 MW are scheduled.

This work is being carried out under the EFDA technology research program activities, EFDA technology task

TW5-TPHE-ECHULA/B, with financial support from NWO.

References:

[1] 	A.G.A. Verhoeven et al., Design and test of the Remote-steering ITER ECRH Upper-port Launcher, this conference

[2] 	D.M.S. Ronden et al., “Parameterized modeling of mm-wave beam propagation of the ITER ECRH remote steering upper port

launcher in CATIA”, this conference
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Electron Cyclotron Resonance Heating (ECRH) is the main heating method for the Wendelstein 7-X stellarator (W7-X). The mission of

W7-X is to demonstrate the inherent steady state capability of stellarators at reactor relevant plasma parameters. A modular 10 MW

ECRH plant at 140 GHz with 1 MW CW-capability power for each module is presently under construction at IPP-Greifswald as well as

the W7-X, to meet the scientific objectives. The commissioning of the ECRH plant is well under way; three gyrotrons are operational at

IPP in Greifswald. The strict modular design allows to operate each gyrotron separately and independent from all others. The ECRH

plant consists not only of gyrotrons and high voltage power supplies, but also of many other devices such as superconductive magnets,

collector sweep coils, gyrotron cooling systems with many water circuits and last but not least the quasi-optical transmission line for

microwaves with remote controlled mirrors and further water cooled circuits. All these devices are essential for long pulse operation. A

steady state ECRH has specific requirements on the stellarator machine itself, on the microwave sources, transmission elements and in

particular on the central control system. The quasi steady state operation (up to 30 min) asks for real time microwave power adjustment

during the different segments of one stellerator long pulse. Therefore the ECRH plant must operate with a maximum reliability and

availability. A capable central control system is an important condition to achieve this goal. 

The central control system for the 10 MW ECRH – plant at W7-X comprises three main parts. In detail these are the voltage and

current regulation of each gyrotron, the interlock system to prevent the gyrotrons from damages and the remote control system based on

a hierarchy set of PLC's and computers.

The architecture of this central control system is presented.
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For heating and current drive the ITER neutral beam system requires negative hydrogen ion sources capable of delivering above 40 A

of D&#8722; ions from a 1.5 x 0.6 m2 source for up to one hour pulses with an accelerated current density of 200 A/m2. In order to

reduce the losses by electron stripping in the acceleration system and the power loading of the grids, the source pressure is required to

be 0.3 Pa at an electron/ion ratio <1. The development of the source was initially concentrated on filamented arc sources as described in

the ITER reference design.

As an interesting alternative, IPP Garching is currently developing a RF driven negative hydrogen ion source. Compared to arc sources

RF sources are cheaper to build and basically maintenance-free in operation. Those design features are potentially quite beneficial for

ITER with its remote handling requirements, since the RF sources do not suffer from the limited filament lifetime of the arc sources.

In 2005 the IPP RF source has demonstrated its principal suitability for the ITER NBI system: current densities (330 A/m2 H&#8722; /

230 A/m2 D&#8722;) in excess of the ITER requirements have been already achieved on the small test facility “BATMAN” (Bavarian

Test Machine for Negative Ions) at the required source pressure (0.3 Pa) and electron/ion ratio (<1), but with only small extraction area

(0.007 m2) and limited pulse length (<5 s). The development concentrates now on the extension of source size and extraction area as

well as on the extension of the pulse length. This is done at two other test facilities in parallel: at the large test facility “MANITU”

(Multi Ampere Negative Ion Test Unit) the extraction area can be extended up to 0.03 m2 and the pulse length up to 3600 s, using the

same source as it is used at BATMAN. In order to demonstrate the required homogeneity of a large RF plasma source as well as the

operation of an ITER relevant RF circuit, a so called “half-size source” — with roughly the width and half the height of the ITER

source — was designed and went into operation on a dedicated plasma source test bed (“RADI”). An extensive diagnostic and

modelling programme is accompanying those activities.

The paper will present as an overview a summary of the latest results of the RF source development, with an emphasis on the first

results of the operation of the half size ITER source and on the status of the long pulse operation. The details will be presented in

several other papers.
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The Ion Bernstein Wave (IBW) experiment on the FTU tokamak is aimed at heating the plasma bulk ions by utilising the

mode-conversion of lower hybrid (LH) waves in the scrape off plasma coupled by two antennas, each one consisting of two phased

waveguides. The toroidal magnetic field of 7.9T, at the working frequency of 433 Mhz, locates  the fourth ion cyclotron harmonic of

the Hydrogen  at one third of the minor radius. In these conditions, the routinely launched maximum power of 250 kW per antenna

corresponds to a power density of 1.5 kW/cm2, which represents the record of the power handling capability for waveguide launcher in

this low frequency range. The operating frequency of the experiment on FTU is the highest utilised so far in an IBW experiment, and

this circumstance is useful for reducing the undesired effects of non-linear wave physics of the edge which produced the lack of the RF

power penetration in the main plasma in Doublet III-D. The main goal of the IBW experiment on FTU consists in proving that RF

power induced plasma flows produce turbulence suppression with consequent improvement of the energy confinement. The RF system

uses two klystrons and standard rigid coaxial lines as transmission lines, which feed the antennas through coaxial to waveguide

transitions. In this paper the design of high power RF components (alumina vacuum tight window and a new coaxial - waveguide

transition) performed by means of a FEM code (HFSS) is reported. Details are provided on the design and construction of the vacuum

tight windows installed in the antennas. In the new design, this window is composed of a thin ceramic slab (cross section 232´75.86

mm2, thickness 15.03 mm) brazed on a titanium frame, which acts also as adapting iris. Such component, allows transmitting high RF

power, and breakdown-free operations are allowed since high pressure in most of the antenna regions is maintained. Arcs occurred in

the Spinner coaxial - waveguide transition caused damage (repaired now) in some parts, including the coaxial cable alumina window.

The simulation of a new coaxial - waveguide transition, having about the same external dimensions and lower electric field in the inner

conductor of the coaxial cable was performed, and the results are shown. New facilities in the RF system, consisting in the automatic

cycle operation and a  proportional protection, are described. The purposes are, respectively, to improve the efficiency in the antenna

conditioning, and to protect the launcher when the  radiofrequency power reflected exceeds a certain value, which avoids the  risk to

cause failure for multipactoring in the vacuum window.
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On TS antennas, the power transfer optimization from ICRH antenna to Plasma load is performed using feedback internal matching

system [1] [2]. Experimental handling is required to mach the reactive impedance accordingly to the fluctuant plasma loading. As part

of the development of  the new ICRH prototype antenna, an additional measurement system based on Rogowski coils was developed to

monitor the current distribution in antenna straps. The objective is to control module and phase of the antenna current straps with

measurement provided by the coil system. Matching capacitors values, generators power and phase can also be controlled using the

output of the devices, improving the real time matching control of the array.

This paper details the new measurement layout, the Rogowski coil, and the whole system connected on each strap design for RF

currents measurement between 40 MHz – 60 MHz for maximum amplitude of 1 kA. On the new ICRH prototype antenna [3], the

measurement coils are coupled to the point where the strap currents are short circuited to the frame. The module and phase

measurements are performed with the coils by direct magnetic induction in a vacuum and high temperature environment. 

Also, the Rogowski coils were characterized at low level power with vector network analyzer and the design adapted in order to obtain

a controlled and reproducible gain in the desire bandwidth. The transconductive function is established with an experimental gain near

-80 dB between primary circuit and inductive signal generated by the Rogowski coil.  In a second step, the system with its associated

electronic was qualified under high RF power.

First results with high RF current (closed to 500 A at 57 MHz) match the desire Rogowski coil response. Compromises with electrical

response at low power level and the coil under thermal/RF stresses were the most challenging part of the development. 

The overall response of the system and the current module/phase measurements are promising. A proper use of this new

instrumentation improve significantly the antenna matching capability by allowing a direct RF current monitoring.
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Inductively coupled RF ion sources are being developed at IPP for the production of negatively charged hydrogen ions. The principal

suitability of the IPP RF source for ITER NBI system (jion &#8805; 200 A/m², je/jion &#8804; 1, psource &#8804; 0.3 Pa) has already

been demonstrated on 4 s pulses and 70 cm² extraction area.

At present the development concentrates on the extension of the pulse length up to 3600 s and the extraction area up to about 300 cm²

using the test facility MANITU (Multi Ampere Negative Ion Test Unit). After the installation of cw RF and HV power supplies and

cryo pumps, several significant changes have been undergone to harden the source and beam line components for cw operation. The

Faraday screen and the plasma grid are now actively cooled and the RF transformer has been improved. A new long pulse capable

calorimeter was installed. A new spatially resolved Halpha doppler-shift spectroscopy system has been installed for measurements of

the beam homogeneity. To allow operation with Deuterium neutron shielding has been installed rated for at least 6 hours of operation

per year.

One of the major challenges for long pulse operation is the control of the Cs coverage on the plasma grid. A thin Cs layer is required to

produce negative hydrogen ions via the surface process, i.e. the conversion of hydrogen atoms or neutrals to negative ions at a surface

with sufficiently low work function. The Cs influx is controlled by the Cs-oven temperature, typical evaporation rates are 10 mg/h (for

short pulses). To stabilize the critical Cs coating a newly designed plasmagrid with high pressure air cooling and the option to control

the inlet air temperature has been installed and tested. To have at least some control of the Cs inventory in the source, the source walls

can be heated and controlled to temperatures of up to 60 °C. A new Cs monitoring system by optical emission spectroscopy was

installed; a suitable Cs line is the neutral Cs emission at 852.1 nm.

The paper will present the latest results achieved on MANITU. The performance of the source parameters during long pulse operation

as well as the effect of the improved Cs controlling on the extracted H- current density and its stability will be reported. Further topics

will be Cs consumption as well as beam uniformity over the extraction area using the Halpha doppler-shift spectroscopy.
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Electron Cyclotron Heating and Current Drive (ECH&CD) systems are a major part of nuclear fusion technology as localised and

steerable deposition of high power mm-waves contributes essentially to plasma start-up, plasma heating, shaping of current profiles,

and plasma stabilisation. At ITER, the first tritium confine-ment in the mm-wave launchers will be formed by CVD diamond windows.

Based on large area CVD dia-mond disks and their unparalleled combination of ultralow mm-wave absorption and outstanding thermal

con-ductivity, the window design for front steering (FS) and remote steering (RS) launchers was worked out for a transmission

capability of 2 MW at the fixed frequency of 170 GHz. In addition, a torus window was designed for a step-tuneable Electron

Cyclotron wave system for ASDEX Upgrade for transmission of up to 1 MW mm-wave power at 4 selected frequencies between 105 –

140 GHz.

The designs for the torus windows for the three different launcher concepts account for the specific transmission requirements. For

single-frequency operation, a single disk configuration was established. The disk thick-ness is adapted to provide sufficient safety

margin towards pressure rise in the vacuum vessel (0.2 MPa) for the required window aperture. For the RS launcher, the remote

steering unit placed in the back-end of the launcher requires a large window aperture (95 mm) to avoid beam vignetting at the extreme

steering angles of ±12°. For the FS launcher with the steering mechanism placed in the front shield of the launcher, the disk size is

reduced as the window aperture can be identical to the waveguide inner diameter (63.5 mm). This allows to consider indirect cooling

instead of edge cooling and thus to eliminate the risk of tritium contact to the cooling water in case of crack formation in the diamond

disk. For the multi-frequency torus window at 

ASDEX-Upgrade a double disk configuration with the disk separation of 5 mm, fine tuneable over ±1 mm, is realised.

The paper discusses the design guidelines and the thermo-hydraulic and thermo-mechanical analysis of the three window concepts. The

prototypes of the high power windows were manufactured. Details of the ther-mohydraulic and of the mm-wave performance tests are

discussed. For the single disk windows, the tool development is presented which provides on-site replacement of the ITER torus

window by automated cutting and welding tools.
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For control of plasma instabilities, especially neoclassical tearing modes, it is foreseen to inject a total of 20 MW mm-wave power at

170 GHz into the ITER plasma from the upper port. The required targeting of the q=3/2 and q=2 flux surfaces will be achieved by

angular steering in the poloidal direction. In the front steering concept of the upper launcher, the steering angles can be expanded to

cover the plasma range of rho,p = 0.4 to 0.93. This allows to extend its application down to q=1, the latter being of particular

importance for sawtooth control. The mm-wave components are integrated into the upper port plug structure that consists of the blanket

shield module closing the gap in the blanket at the port; the port plug frame which houses the internal shield; the closure plate forming

primary vacuum boundary; and the launcher back-end following the closure plate. 

The structural design considers a double wall for the port plug frame responding to homogeneous baking requirements at 240°C. The

implications of an alternative frame with a single wall in sections that do not require active cooling are presented assuming relaxed

baking conditions that can be satisfied by radiative heat transfer from vacuum vessel extension and the actively cooled internal shield.

Manufacturing, cooling and maintenance issues of the main structure and the internal shield are addressed for both design variants.

The blanket shield module (BSM) consists of a double wall structure with a flange which provides a bolted connection to the main

structure, of the first wall panel (FWP), individual shield blocks. It also accommodates the mm-wave mirrors. The temperature

distribution of the BSM housing caused by nuclear heating and plasma radiation was analysed by FEM (“ANSYS”) and the resulting

thermo-mechanical stresses were investigated. The calculations were done for stationary loads for the complete BSM housing and for

transient loads during a typical plasma burn of 400 s using a simplified slice model. It could be proven that for these conditions, no

critical stress has to be expected in the BSM housing. The internals of the BSM are the specialised shield blocks and mm-wave mirrors.

Two alternative design variants are potentially used. The “encased shield block” consists of a welded SS casing with stacked SS plates

and water interspaces. In the “solid shield block”, a two-level arrangement of machined cooling channels provides the proper SS/water

composition for the neutron shielding in the high flux area (80:20 vol.%).
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A 170 GHz coaxial cavity gyrotron with 2 MW output power in CW operation is under development for ITER.

The development work is performed in cooperation between EURATOM Associations together with European tube industry. The first

industrial prototype tube will be delivered next. Due to a delay in the delivery of the SC magnet, the experiments will not start before

the end of 2006.

To prove the design of critical components under relevant conditions,experimental studies with a short pulse (5 ms) experimental 170

GHz

coaxial cavity gyrotron have been performed. This pre-prototype utilizes the same TE34,19 mode and same cavity with up-taper and

the same quasi-optical (q.o.) RF output system as designed for the industrial prototype and a very similar electron gun. In summary the

following experimental results have been obtained with the pre-prototype gyrotron:

-  Parasitic low frequency (LF) oscillations have been successfully suppressed. The mechanism for the LF oscillations has been

investigated and consequences for the industrial prototype tube have been drawn.

-  The performance of the electron gun and electron beam has been found to be in agreement with the design objective.

-  The nominal co-rotating TE-34,19 mode at 170 GHz has been excited stably in single-mode operation over a wide parameter range.

However, the experimental results are not fully in agreement with calculations. In

particular, the observed mode sequence is more dense than predicted by simulations, limiting thus the excitation range of the nominal

mode to lower voltages than expected. At a reduced magnetic field (Bcav=6.72T) and at an accelerating voltage of ~73 kV a

microwave output power of 1.15 MW was obtained.

- The performance of the q.o. RF output system has been studied both at low power ("cold") and with the pre-prototype gyrotron at high

power ("hot") levels. A reasonable agreement has been found between the "cold"

and "hot" measurements and the calculations. The Gaussian content of the RF output beam is unfortunately rather low. The amount of

stray microwave losses has been measured to be around 8% of P_out. Efficient internal

absorbers for the stray radiation have been tested. An improved RF output

system is under design.

Results concerning as well the gyrotron operation will be reported and an outlook for further steps will be given.
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In ITER two heating and one diagnostic Neutral Beam Injectors (NBIs) are foreseen [1]. Inside these components there are very

stringent limits on the magnetic field (the flux density must be below some Gauss (G) along the ion path and below 20 G in the

neutralizing region). To achieve these performances in an environment with high stray field due to the plasma and the poloidal field

coils, both passive and active shielding systems are foreseen. The present design of the Magnetic Field Reduction System (MFRS) is

made of seven active coils and of a box surrounding the NBI region, consisting of ferromagnetic plates 15 cm thick. The

electromagnetic analysis of the effectiveness of these shields has been performed by a full 3D FEM model using the ANSYS code. To

perform the FEM modeling of the component special care has been used to face the particular geometrical features of the component (a

box of about 15x5x5 m vs. a ferromagnetic layer of only 15 cm thick).  To insert an adequate number of FEM elements (at least 5) in

the thickness of the ferromagnetic layer, without a prohibitive increase in the total FEM elements number, a particular modeling

approach (a sort of “Chinese boxes” technique) has been developed. Due to this technique the FEM model enclosing the ferromagnetic

box results completely independent on the fine FEM structure inside the shielding layer. It has been even possible, using this technique,

introducing a thin (below 1 cm thick) slot all through the shielding plates, without perturbing the rest of the model. This slot has been

used to analyze the effects of possible manufacturing lacks on the residual magnetic field inside the component. This technique has

allowed the use of only structured meshes made by brick elements, much more accurate than the tetra elements, needed in the usual free

meshing techniques. 

To have the possibility of changing the shielding thickness, the coil shapes and the NBI geometry, without completely remaking the

FEM model, a complete parametric modeling approach has been used. These features of the component together with the box length,

height and width and the number of elements inside the ferromagnetic layer, can be changed, by simply changing a parameter value.

This possibility has been used to optimize the shielding thickness and to face geometrical minor changes of the various NBI design

options. At the end, the currents in the active shield coils have been optimized to achieve an overall shielding effectiveness compatible

with the NBI requirements.

[1] P. L. Mondino et al., “ITER neutral beam system”, Nucl. Fus., vol. 40, p. 501 (2000)
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Since 1999 and with the help of I.P.P. (Institut fur Plasmaphysik) Garching [1], we have tested in the Tore Supra (T.S.) ICRH

transmitter, arcs security systems based on harmonics detection in a frequency band lower than the generator frequency. These systems

have been designed for ASDEX in order to discriminate between the arcs and the ELMS mismatches during H-mode plasmas; they

have been supplied to T.S. by a loan contract by I.P.P. The first tests done in T.S. were very successful and have permitted in 2000 to

build a prototype matching T.S. technical requirements.

These systems have some advantages in comparison with traditional securities which are based on use of a level on the Vr/Vf

(Reflected to Forward voltage ratio) calculation . They do not use calculation, calibration with frequency or level. They can use RF

signals from directional couplers or probes, so they are fully independent of the measurement systems. The detection bandwidth

(4MHz-35MHz on TS) is independent of the antennae working frequencies. The detection principle is therefore insensitive to the

crosstalk between the antennae and to the antennae coupling variations. The RF arc security box is installed in the generator hall which

can be located far from the torus hall and the antennae (about 50 m on T.S.) a feature which is very relevant for the ITER transmitters.

In 2001 we have built 3 systems based on our prototype in order to improve the protection of the 3 ICRH generators and antennae.

These systems use industrial pass-band filters and a very sensitive linear detection (-60dBm) in order to facilitate the adjustment.

Optical fibbers are used to transfer, with a very high immunity, the trip information to the generator electronic pilot. To guarantee safe

operation, a checking test of the entire security chain is performed with a 10MHz RF oscillator before each plasma start. The RF

principle used on T.S. ICRH transmitter and its electronic interactions with the VME command control of the generator are described.

The results in the last 4 years on a ICRH transmitter module feeding a T.S. antenna are summarized and some examples typical signals

are given. During the 2005 campaign the 3 antennae have been equipped with these systems in order to have the maximum security

level on the ICRH system.

Reference: [1] F. Braun, Th. Sperger “An Arc Detection System for ICR-heating” Proceeding 19th SOFT (Lisbon) p 601-603 (1996)
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Dealing with post-accelerated electrons in the ITER SINGAP accelerator

(P3-B-226) 

Hubert de Esch, R.S. Hemsworth

Association Euratom-CEA, DSM, DRFC CEA Cadarache 13108 St Paul Lez Durance France

Electrons formed by stripping of the negative deuterium beam can be accelerated up to 960 keV in the 1 MeV SINGAP 40 A negative

ion accelerator proposed by Europe for the ITER neutral beam injectors. SINGAP accelerates 1280 pre-accelerated 40 keV deuterium

beamlets to 1 MeV in a single 350 mm wide gap [1]. At the expected gas pressure of 0.03 Pa inside the accelerator, 2.7 MW of

electrons are calculated to leave the accelerator and strike various beamline components, especially the neutraliser.

The accelerators of the ITER injectors are designed to produce 4 “column” beams which pass through the 4 vertical channels of the

neutraliser. Unperturbed the accelerated electrons create small, high power density, £3.3 kW/cm2, spots on the leading edges of the

neutraliser channels, which is far in excess of their power handling capability. The hot spots arise from the overlapping of beamlets due

to the bending induced by the far field of the magnetic filter in the ion source.

The proposed solution bends the electrons further downwards, redistributing the power over the neutraliser floor, a vertical electron

dump perpendicular to the beam axis located below the neutraliser entrance, and the neutraliser entrance. The bending is to be effected

by a magnetic field transverse to the beam direction at the exit of the post-acceleration grid. This field is created by vertical columns of

permanent magnets either side of each column beam. After passing between the magnet columns, the electron beams reach the electron

dump with a maximum power density of 2.1 kW/cm2. The peak power density on the neutraliser entrance is 1.35 kW/cm2 and on the

neutraliser floor 0.82 kW/cm2. Electron backscattering would reduce all the numbers by 20%.

To further reduce the average power density seen by the beamline components it is proposed to sweep the electron beam in an

oscillatory fashion. It is suggested that a failsafe, inexpensive, way is to use a power supply with a ripple of ±10% to produce the

current through the plasma grid which creates part of the magnetic filter in the ion source. This creates a varying far field from the

magnetic filter, and requires no extra interlocks or hardware. 

The paper will give details of the electron generation and calculated power densities on the beamline components with the proposed

solution.

Reference

[1]	H.P.L. de Esch, R.S. Hemsworth and P. Massmann, Updated physics design ITER SINGAP accelerator, Fus. Eng. and Des.

73(2005)329.
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Thermal Stress Analysis of 1 MW Gyrotron Collector (P3-B-228) 

C.B. Baxi, R.W. Callis, I.A. Gorelov, J. Lohr, E.E. Reis

General Atomics, Energy Group P.O. Box 85608 92186-5608 San Diego California, USA

At the DIII-D tokamak, up to 6 gyrotrons supply ECH power to the plasma. Each gyrotron injects 800 kW for 5 s at the tokamak during

normal operation and are designed to generate 1 MW for 10 s pulse lengths. A power of ~2000 kW is absorbed by the collector of each

gyrotron from the electron beam.

The gyrotrons are manufactured by Communications and Power Industries (CPI). The collectors are 0.6 m diameter cylinders, 60 cm in

height. The collector walls are 20.7 mm thick and have 196 coolant holes of 5.3 mm diameter. Each pair of adjacent coolant holes is

connected in series to provide 98 cooling paths. The collector material is oxygen free high conductivity copper (OFHC) and the

collectors are cooled by water at a design flow rate of 300 gpm. In order to reduce the peak thermal load on the collector walls, the

beam is swept over the collector wall at 4 Hz and an amplitude of about 15 cm using an external coil. Sweeping reduces the effective

peak heat flux from 1400 W/cm^2 to 600 W/cm^2.

During 2004 and 2005, some of the collectors failed due to stress cracks. In order to investigate reasons for these failures, a nonlinear

elastic plastic thermal stress analysis of the collector was undertaken. The thermal stress analysis results indicated that the effective

strain for OFHC material under the operating conditions limited the cycle life of the collector due to fatigue, resulting in failures.

The desired service life of more than 10^5 thermal cycles can be obtained by 1) operational changes, such as: increasing the frequency

and amplitude of sweeping to reduce the average heat flux, 2) design changes, such as: increasing the height and/or diameter of

collector, enhancing the heat transfer coefficient by roughening the coolant channel walls or 3) changing the material of the collector to

dispersion strengthened copper such as Glidcop. The analysis and conclusions will be presented.

Work supported by the U.S. Department of Energy under DE-FC02-04ER54608.
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Radiation shield analyses in support of the FS design for the ITER ECRH

launcher (P3-B-230) 

Arkady Serikov(1), Ulrich Fischer(1), Roland Heidinger(2), Mark Henderson(3), Peter Spaeh(2), Haileyesus Tsige-Tamirat(1)

1. Forschungszentrum Karlsruhe, Institut für Reaktorsicherheit (IRS) Postfach 3640 76021 Karlsruhe Germany
2. Forschungszentrum Karlsruhe, IMF Postfach 3640 76021 Karlsruhe Germany
3. CRPP EPFL 1015 Lausanne Switzerland

Radiation shield analyses have been performed to guide the Front Steering (FS) design concept of the Electron Cyclotron Resonance

Heating (ECRH) launcher in ITER. Such a launcher is proposed for integration into an upper port to stabilize neoclassical tearing

modes (NTM) of the plasma. The microwave beams are transmitted through long and narrow waveguide channels. They are injected

into the plasma by steerable mirrors placed in the front shield of the port plug. This allows a well-focused beam injection over a wide

steering range. The physics concept of the FS launcher has been elaborated by CRPP-EPFL, Lausanne. The engineering design is under

development in co-operation with other EURATOM associations in the frame of EFDA tasks. The FS design is the present reference

concept for the upper port ECRH launcher in ITER.

This paper is devoted to the neutronics analyses of the radiation shield for the FS design concept. Neutronics calculations have been

performed with the Monte Carlo code MCNP using the standard 3D ITER torus sector model with an ECRH-FS launcher integrated in

the upper port. The computational model of the ECRH launcher was generated by converting the 3D CAD model into the geometry

representation of the MCNP code using the interface programme McCAD. A fusion power of 500 MW was used for the normalization

of the calculated nuclear responses. The nuclear heating was calculated in the vicinity of the steering mechanism considering different

candidate materials, comprising the ECRH mirrors, steering mechanism, shielding material and port plug. For example, the values

obtained are less than 1.5 W/cm3 for the copper used on the reflective surface of the mirror. The neutron induced radiation damage has

been calculated in terms of displacements per atom (dpa) for the materials to be used in the steering mirror structures. A peak value of 1

dpa per full power year was found for the SS316L steel at the lower side of the flexure pivot. The influence of neutron displacements

on the tensile strength and on cyclic fatigue of the candidate materials for the steering mechanism is discussed in the paper. The results

of the neutronics analyses confirm the compliance of the FS design concept with the ITER design and safety rules.
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Transverse Field Collector Sweep System for high power CW Gyrotrons

(P3-B-234) 

Martin Schmid(1), Stefan Illy(1), Günther Dammertz(1), Volker Erckmann(2), Manfred Thumm(1)

1. Forschungszentrum Karlsruhe, IHM (Institute  for Pulsed Power and Microwave Technology) Hermann-von-Helmholtz-Platz 1 76344
Eggenstein-Leopoldshafen Germany
2. Max Planck Institut für Plasmaphysik IPP Wendelsteinstrasse 1 17491 Greifswald Germany

The spent electron beam of megawatt-class CW-gyrotrons requires magnetic sweeping to keep the specific heat dissipation on the

collector surface within technically acceptable limits of about 500 W per cm2. The collector for the 140 GHz CW gyrotron for the

Stellerator W7-X is made from solid copper with a  wall thickness corrugated between 10 and 20 mm (outer cooling surface).  It is

therefore necessary to use relatively low frequency fields (< 10 Hz) to achieve reasonable field-penetration and to sweep the electron

beam up and down on the collector surface. Conventionally, a solenoid is placed over the collector  to generate the required magnetic

field for axial sweeping and relatively expensive power supplies are required to produce the low frequency excitation-voltages for these

coils.

On the W7-X gyrotron, the lower section of the collector, which is not exposed to the electron beam, is made of stainless steel (SS).

This has been introduced to help to absorb microwave stray radiation inside the gyrotron. This SS-section, thanks to its high resistivity,

offers the possibility to introduce a 50 Hz rotating magnetic field (tranverse to the gyrotron axis) which achieves the same

electron-beam spread on the collector as the conventional solenoid sweep-system. A set of 6 coils is excited with a simple and cheap

3-phase mains-transformer. The increased sweep frequency also reduces the temperature excursion on the inside surface of the collector

by a factor of three, thus reducing the thermal fatigue by several orders of magnitude.

Simulations have shown that for 2 MW gyrotrons (with collector dissipation levels up to 2.5 MW) a conventional solenoid sweep

system is highly critical to operate and barely able to achieve acceptable specific heat dissipation. A transverse field sweep system with

an amplitude-modulated excitation voltage might offer a better alternative.

The paper describes the system which has been built at the Forschungszentrum Karlsruhe for the W7-X gyrotron and results of

measurements made on the Prototype gyrotron are being presented.

35



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: B - Plasma Heating and Current Drive

PAM, MJ and Conventional Grills: Operative Experience on FTU. (P3-B-245) 

Francesco Mirizzi, Giuseppe Calabrò, Vincenzo Pericoli Ridolfini, Angelo Antonio Tuccillo

Associazione EURATOM- ENEA sulla Fusione, Via Enrico Fermi 45, I-00044 Frascati (RM), Italy

The Lower Hybrid Current Drive (LHCD) system for FTU (f = 8 GHz, P = 6 MW/1s) has a modular configuration that gives it a high

degree of flexibility in operations. The RF power generated by six gyrotrons is coupled to the plasma through six independent

launchers, each one made by 4 superimposed arrays of 12 waveguides. In the last few years this system has had the unique opportunity

to work with conventional grills, classical Multijunction (MJ) and Passive Active Multijunction (PAM) launchers on the same plasma’s

scenarios.

The conventional grill gives the possibility to vary the spectrum of the parallel index of refraction within quite wide margins (N|| = 1.3

– 3.5) and to launch waves with high directivity at low N||. In FTU the coupled power can exceed 100 MW/m2 at the grill mouth for

proper launcher-plasma matching (average power reflection coefficient 10 – 15%).

The MJ reduces the coupling problems arising from impedance mismatching at the plasma-launcher interface. In FTU it has shown

good performances also with plasma densities much lower than those normally acceptable for a conventional grill; in this condition an

average reflection coefficient around 4% has been measured. Conversely the MJ has a lower flexibility in N|| spectrum and a lower

power directivity. In FTU a power density close to 60 MW/m2 in steady conditions and has been obtained. Limitation came from the

upstream distribution lines that were not sufficiently conditioned.

The PAM is the LH launcher proposed for ITER due to the possibility of installing an active cooling circuit between the active

waveguides to extract the high thermal loads arising both from the plasma and from the RF dissipation into the waveguides’ walls. In

FTU the power density steadily coupled has been 80 MW/m2, 1.4 times the target value for ITER. Very low power reflection (around

3%) also with the PAM mouth flush to the walls, thus in presence of an almost vanishing plasma, has been obtained. This will assure to

the future launcher the long lifetime required to the in-vessel components exposed to the harsh plasma environment of ITER. On the

other hand, with reference to the MJ, the PAM suffers a further reduction of power directivity and flexibility in N||.

The paper presents an overview of the performances, in term of coupling characteristics, of the three launchers on FTU and gives a

detailed comparative analysis of the results obtained in similar plasma’s conditions, in particular during the same shots.
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ITER Ion Cyclotron System: Overview and Plans (O2A-B-276) 

David Swain, Richard Goulding

ITER Garching Joint Work Site, Max-Planck-Institut für Plasmaphysik Boltzmannstrasse 2 D-85748 Garching Germany

The ITER ion cyclotron (IC) system is required to deliver 20 MW of rf power to the plasma for a pulse length of up to 1000s. The

system must operate over the 40- to 55-MHz frequency range, and deliver the power to the plasma over a range of plasma conditions,

including ELMy H-mode operation that will cause significant transient changes in the loading of the antenna by the plasma. In addition,

it must be reliable and survive in the ITER environment. 

The components of the ITER IC system are being designed and built by several of the ITER Participants: the antenna will be built by

the EU, the rf sources and power supplies will be built by India, and the transmission line/matching system will be built by the US. A

coordinated plan for design of the complete system is underway. A critical question concerns the design of the IC antenna, which must

fit into a single midplane port in ITER. There are two conceptual designs for the antenna being carried out as ITER Task Agreements

by members of the EU Participant Team; a choice between these designs will be made in 2007. The antenna design will also affect the

design of the matching system and the rf sources, so an evaluation of the entire system will be needed to make the best choice. For that

reason, the Indian and US teams are carrying out studies of their sub-systems in parallel with the antenna design work. 

This paper will present an overview of the status of the design and R&D efforts, the criteria to be used in the selection process, and the

schedule for the design, R&D, fabrication, and testing needed to deliver the IC system components to ITER. Details of the design status

will be presented in papers by members of the Participant Teams working on the subsystems.
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Tests of load resilient matching procedures for the ITER ICRH system on a

mock-up and layout proposals (P3-B-278) 

Pierre DUMORTIER, Philippe LAMALLE, Andre MESSIAEN, Michel VERVIER

LPP-ERM/KMS avenue de la Renaissance, 30 B-1000 Brussels BELGIUM

The ICRH antenna of ITER consists of an array of 24 radiating straps and must radiate 20MW with resilience to load variations due to

the ELMs. Because of its compactness the mutual coupling effects between the straps are far from negligible. Moreover they

considerably increase the difficulty of matching and lead to coupling between the generators. Different external matching system

layouts are under consideration. A reduced scale (1/5) mock-up loaded by a movable water tank [1] is used for their experimental

investigation. 

A first layout using full passive power distribution among the straps and a single matching circuit with one “Conjugate-T” (CT) or one

hybrid has already been successfully tested [2]. Its drawbacks are the difficulty of changing the toroidal phasing and the use of a single

20MW feeding line section.

In this paper we describe the mock-up tests of a second layout based on two 10MW CT circuits, and allowing switching between

heating or current drive phasings without any hardware modification. Two decouplers are used to minimize the effect of mutual

coupling on matching. A robust four-parameter CT matching procedure has been developed based on adjusting the two first parameters

- the positions of the line stretchers in the CT branches - of each CT in vacuum conditions (this is done once for all for each frequency).

High load resilience, i.e. a VSWR remaining <1.5 for an 8-fold increase of antenna resistance, can be obtained for the 4 toroidal

phasing configurations considered: (0 &#61552;/2 &#61552; 3&#61552;/2), (0 -&#61552;/2 -&#61552; -3&#61552;/2),

(00&#61552;&#61552;) and (0&#61552;&#61552;0). The change of phasing only requires the adjustment of the phase difference

between the two power sources and of the two last parameters (stub and line stretcher in the common line) of each of the two CT

circuits. These properties have first been derived from the experimental scattering matrix of the antenna array and are verified by

reflection measurements on the mock-up. Feedback control of the phasing and the last two CT parameters can be used.

Other possible layouts, such as the reference one considered in [3], are also presented and will be investigated with the mock-up in the

future. Their practical implementation in ITER and their relative merits will be discussed.

[1] A.Messiaen et al., Fusion Eng. and Design 74(2005)367.

[2] M.Vervier et al., Proc. 16th Top. Conf. on Radio-Frequency Power in Plasmas (Park City, Utah, 2005), AIP Conf. Proc. 787 202. 

[3] P. Dumortier et al, LPP-ERM/KMS Int. Rep. 121
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Long Pulse Test of the KSTAR ICRF Antenna with Water Cooling (P3-B-293) 

Young-Dug BAE, Jong-Gu KWAK, Sun-Jeong Wang, Jae-Seong YOON, Churl-Kew Hwang, Sung-Kyu KIM, Bong-Guen

HONG

Korea Atomic Energy Resaerch Institute Dukjindong Yusong, 150  Daejeon Korea

The KSTAR ICRF (Ion Cyclotron Range of Frequency) antenna is being developed and tested for the high-power and long-pulse

operation. In the previous test campaign, the standoff capability was increased to 31.2 kVp from 24.3 kVp for 300-s pulse duration by

applying water cooling on the ICRF antenna, but it was limited by overheating of the vacuum feedthrough (VF) and the transmission

line of the unmatched section which did not have any cooling channel. Before the recent RF test campaign in 2005, the cooling system

for the VF and the transmission line of the unmatched section was developed to remove the dissipated RF heat load. For cooling of

center conductors of VF and transmission line, joint part of two transmission lines was carefully designed and fabricated to ensure no

water leakage and have a tight electrical contact. During the RF testing, cooling water was fed by a coaxial tube inside center

conductors and flowed out through the space between the center conductor and the coaxial tube. Outer conductors near the current

maximum were also water-cooled by using Al cooling blocks which have a cooling channel inside them. The high voltage tests with

long pulse durations were performed at a frequency of 30 MHz. A bottom half of the current strap-1 was connected to the RF source

and other three straps were shorted at the input ports. The unmatched line section was pressurized with N2 gas up to 3 kgf/cm2 to

increase breakdown voltage. The maximum standoff voltage was 41.3 kVp for 300-s operation, which is much higher than that of the

previous campaign. The maximum standoff voltage for 20-s pulse was 46.0 kVp. The voltage of 41.3 kVp is equivalent to a heating

power of 7.4 MW in the case of a plasma loading of 6 &#61527;/m. To simulate steady state operation, much longer pulse tests were

also performed. As a result, we achieved standoff voltages of 35.0 kVp for 600 s and 27.9 kVp for 1000 s. As future works, similar RF

test will be performed at a higher RF voltage by using another RF source which has higher capability of output power and wide range

of operation frequency, and two-strap feeding experiment will be also performed.

39



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: B - Plasma Heating and Current Drive

Development of the Liquid Matching Components for KSTAR ICRF System

(P3-B-297) 

Jae-Sung YOON(1), Young Dug Bae(1), Jong Gu Kwak(1), Son Jong Wang(1), Bong Guen Hong(1), Dong Chul Park(2)

1. Korea Atomic Energy Resaerch Institute Dukjindong Yusong, 150  Daejeon Korea
2. Chungnam National University 220 Gung-Dong, Yuseong-Gu 305-764 Daejeon Korea

Double liquid stub tuner is developed which is a method of the liquid matching system for transmitting MW level of RF power

continuously in KSTAR ICRF heating and current drive system. It is made of 9-3/16&#8243; coaxial transmission line, and use the

difference between RF wave length in liquid and in gas due to the different dielectric constant. The level of the liquid can be changed

from 0m 2.8m for each liquid stub tuner, which corresponds to 1.8m mechanical length variation at 30 MHz. 

DC high voltage test of the various kinds of the silicon oils such as used oil, vacuum pumped oil which is vacuum pumped used silicon

oil and fresh oil was accomplished. Vacuum pumped silicon oil showed improved high voltage characteristic compared with the used

silicon oil and high voltage characteristic of the silicon oils glowed worse after breakdown. RF test for the liquid stub tuner was

performed with those silicon oils to ascertain their stand-off voltage. The double liquid stub tuner is being fabricated and is scheduled

to do high RF power test
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Main design options toward the ITER Lower Hybrid Current Drive system

(O2A-B-301) 

Ph. Bibet(1), A. Bécoulet(1), B. Beaumont(1), F. Kazarian(1), L. Delpech(1), X. Litaudon(1), R. Magne(1), M. Prou(1), F.

Mirizzi(2), A. Tuccillo(2)

1. Association Euratom-CEA, CEA/DSM/DRFC Centre de Cadarache F-13108 St Paul Lez Durance France
2. Associazione EURATOM- ENEA sulla Fusione, Via Enrico Fermi 45, I-00044 Frascati (RM), Italy

Lower Hybrid Current Drive is well recognized as a promising technique required for steady-state operation and for controlling the

plasma performance in terms of confinement and stability. For these reasons, it is extensively used in the existing tokamak or in new

projects: EAST, CMOD, FTU, HT-7, JET, JT60-U, NCT, (JT60-SA), KSTAR, Tore Supra, SST1...

This paper reports the possible options together with achieved technological progress for designing the whole ITER system, including

antennae, transmission lines and klystrons.   

Three antenna concepts are generally used: i) classical antenna with waveguides fed independently; ii) multijunction; iii) Passive Active

Multijunction (PAM).

Due to the foreseen LH power in ITER (several tens of MW), the total waveguide number will be in the thousand ranges, thus design

using multijunction eases the antenna manufacture. Furthermore, main difficulties for the ITER launcher are the power coupling and

the withstanding of high heat flux ~1 MW/m2 (RF losses, plasma radiating power, neutron attenuation). For these reasons, the actively

water cooled PAM concept has been intensively studied. A PAM prototype has been successfully tested on FTU. Excellent coupling

properties have been confirmed over a wide density range expected for ITER, including the cut off density range. The technology

required for the ITER environment will be tested on the Tore Supra PAM launcher in 2008 (extending the pulse duration to 1000s with

actively water cooling). Also, a complete PAM blue print for JET - resulting from a significant effort of many European laboratories

coordinated by the Euratom-CEA association - has been proposed by the beginning of 2005. In this project, scientific and technical

evaluation on a wide variety of aspect have been included: coupling, thermo mechanical, thermal, disruption induced stresses,

technological choices, diagnostics, testing techniques, vacuum techniques, as well as costing and schedule.

The transmission line design choice, depending on the distance between the antenna and the transmitter and on the frequency, has been

studied. For low distance and low frequency, standard rectangular waveguides can be used, the aim being to keep RF losses smaller

than 10% of the total power. In the other case, circular oversized waveguides propagating the TE01 mode have been considered in the

present ITER design.

In the existing Tore Supra LHCD system, Thales TH 2103 klystrons are used as RF generators. At 3.7 GHz, these tubes can deliver 500

kW CW on 1.4 VSWR. Improved 700 kW CW tube are being developed for Tore Supra. At 5 GHz, a 500 kW CW klystron is

developed by Toshiba for KSTAR project.

Finally, some expected difficulties are discussed together with some possible solutions, namely the manufacturing (choice of material,

brazing...) and RF window design to withstand RF power in ITER. 

At this present stage, a lot of studies, mock up realisation and testing are still urgently needed on many components of the system:

tubes, RF windows, antenna assembling technology, and transmission line components to ascertain the reliability of a LH system in the

harsh environment of ITER.
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ADVANCES IN HIGH POWER CALORIMETRIC MATCHED LOADS FOR

SHORT PULSES AND CW GYROTRONS (P3-B-316) 

William Maurizio Bin, Alessandro Bruschi, Sante Cirant, Franco Gandini, Gustavo Granucci, Vittoria Mellera, Valerio

Muzzini, Antonio Nardone, Carlo Sozzi, Nicolo\' Spinicchia

IFP-CNR, Assoc. EURATOM-ENEA-CNR sulla Fusione via Cozzi 53 20125 Milano Italy

The development of high power gyrotrons for plasma physics research needs proper matched and calorimetric loads able to absorb and

measure the power, which nowadays is foreseen to be as high as 2 MW during CW operations. To this end IFP/CNR has developed a

family of matched loads useful in the mm-wave frequency band for applications ranging from a few ms to CW in pulse length. The

different loads in the family, made of an integrating sphere with a partially reflecting coating on the inner wall, are characterized by

having the same absorbing geometry for the incoming beam and a different heat removal system for the specific application.

Some important advances have been recently achieved from the point of view of the uniformity of power distribution on the absorbing

wall and of the load construction.

With high precision achieved in the coating thickness a better control of the heating power distribution is possible by proper shaping of

the local reflectivity, in addition to the shaping of the mirror dispersing the input beam. A more sophisticated model describing the

power distribution has been developed, taking into account a variable thickness of the absorbing coating, the proper shape of the

spreading mirror, the frequency of the incoming radiation and the shape of the input beam. Lower coating thickness is shown to be

preferable, at equal local reflectivity, from the point of view of a lower peak temperature and thermal stress.

The paper describes a load with variable coating thickness along the meridian of the sphere, showing a uniform power deposition on the

inner walls.

The cooling pipe is completely electroformed on the spherical copper shell, ensuring the maintenance of the correct curvature of the

inner surface and a fast heat conduction from the absorbing coating to the water through the thin copper body.

For CW use all heated parts of the load must be cooled and this is achieved by 16 electroformed spiral channels.

Both short pulse loads (0.1-1 s) and the CW version at 2 MW, 170 GHz, are described in the paper.

High power tests on short-pulse loads have been done using a double frequency gyrotron, 105 GHz/600 kW for 0.5s and 140 GHz/800

kW for 1s. Also a method for emulating 2 MW conditions while using 1 MW gyrotron has been applied for testing the load to be used

for the European 2 MW coaxial cavity gyrotron development programme.
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Initial operating experience with the MAST PINI (P3-B-325) 
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It has already been reported that the two Oak Ridge National Laboratory (ORNL) duopigatron neutral beam injectors previously used

on the Mega Amp Spherical Tokamak (MAST) are to be replaced with JET style Positive Ion Neutral Injectors (PINI). The MAST

PINIs are designed to be 75kV, 65A tetrodes which will each provide up to 2.5MW of neutral power to the MAST plasma. Here phase

one of the project to install the first MAST PINI, its initial operation and source characterisation are reviewed. The new arc power

supply and the new control system for the HV power supply result in very stable waveforms, for instance at the maximum expected arc

current of 1500A a peak to peak ripple of 50 A is seen. Similarly the ripple on the HV regulation system is less than ±500V which is

important to permit Motional Stark Effect (MSE) measurements to be undertaken on MAST which has a relatively low poloidal

magnetic field. Another power supply upgrade, a compact arc-notcher using insulated gate bipolar transistors (IGBT) is described; it is

shown that this system is capable of producing variable width notches from 1 to 5ms with a slew rate of 5.9MA/s. Short notches

(compared with the energy confinement time) are important on MAST for Charge Exchange Recombination Spectroscopy (CXRS) to

assist in the removal of the passive background signal. Furthermore as MAST has only two injectors the compact arc-notcher is an

essential element in pulse width power modulation of the beam and initial measurements using this system are reported. Based on this

experience a further refinement to the compact arc-notcher using integrated gate commutated thyristors (IGCT) is proposed; the use of

IGCTs offers the possibility of making a simpler, more robust and more compact system. The Fast Beam Interlock System (FBIS) has

been upgraded by the addition of a real time long wavelength (&#61548;>4.5&#61549;m to exclude plasma emissions) infra red

measurement of the shine-through protection beam-dump surface temperature; results from this single pixel system are presented.

Finally the strategy for the replacement of the second ORNL injector is discussed.

This work was funded jointly by the United Kingdom Engineering and Physical Sciences Research Council and by EURATOM.
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Design Study of the diagnostics of the ITER Neutral Beam Injector and the

Neutral Beam Test Facility (P3-B-329) 

Nicola Pomaro, Simone Peruzzo

Consorzio RFX - Associazione EURATOM -ENEA sulla fusione Corso Stati Uniti 4 I-35127 Padova Italy

The design of the first ITER Neutral Beam Injector (NBI) and the ITER Neutral Beam Test Facility (NBTF) is presently in progress in

the framework of EFDA contracts with several European Associations. This paper deals with the design study of the diagnostics of the

ITER Neutral Beam Injector and the Neutral Beam Test Facility.

Starting from the list of foreseen measurements and their preferred locations, available in the existing ITER documentation, the

diagnostics specifications for measurement, interlock and protection purposes were identified, in terms of measurement range,

accuracy, resolution, bandwidth, operating temperature. Different diagnostics sets for the ITER NBI and the NBTF are proposed,

emphasizing operational flexibility and completeness of information for the NBTF, and reliability and system protection for the NBI. 

All the requirements of ITER environment are considered and feasible technical solutions are identified for the majority of sensors. For

both the NBI and NBTF specific environments, materials choice and sensor design are proposed, compatible with the need of obtaining

the required neutron and radiation hardness, remote handling compatibility, high vacuum and tritium compatibility, and high voltage

electrical insulation. This last aspect is very critical in several injector components.

The feasibility study is extended from sensors to wiring, connectors and vacuum feedthroughs, identifying technical solutions with

equivalent levels of compatibility and with mechanical characteristics suitable for a reliable and effective integration in injector

components. This aspect of the design is very challenging due to the mechanical complexity of the components with severe

geometrical, thermal and electrical constraints.

For the calorimetric diagnostics of the Beam Line Components, which represent the majority of the NBI and NBTF diagnostics, a

detailed design and full integration of the whole system is presented, showing the effectiveness of the techical solutions proposed. 

The open issues still existing for some diagnostics, to be addressed with future R&D activities, are also discussed in the paper.
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First result of quasi-real-time-power measurement on the JT-60U ECH

system and design study of a linear motion antenna (P3-B-330) 

Shinichi Moriyama, Masami Seki, Kenji Yokokura, Tsuneyuki Fujii, JT-60 RF Group

Japan Atomic Energy Agency, Fusion Research and Development Directorate 801-1 Mukoyama, Naka-shi 311-0193 Ibaraki-ken Japan

It is important to estimate the power of injected millimeter waves for an electron cyclotron heating (ECH) system. However power

measurement by a dummy load assumes reproducibility and stability of the gyrotron oscillation. A power measurement method using a

ceramic disk in the transmission line was studied and tested. A model calculation showed that the disk edge temperature of the diamond

vacuum window (diameter: 60 mm, thickness: 1.72 mm) in the waveguide (inner diameter: 31.75 mm) gap was sufficient to estimate

the transmission power at 1MW and 110 GHz with a response time of ~0.2 s, because of the high thermal conductivity of diamond.

This suggests that quasi-real-time power measurement can be achieved using a high response thermometer such as a very thin

thermocouple or an infrared radiation thermometer. The initial high power test with very thin thermocouple demonstrated successful

power measurement for 1MW, 4 sec pulse with response time of ~ 0.5 s. 

The ability to control the injection beam direction is a notable merit of ECH system. The current ECH systems exhibit good

performance with rotary flat mirrors; however, some components of this antenna may encounter difficulties in reactor environments

because of the high neutron flux. Probably bearings in the rotation mechanism will require regular remote maintenance. The concept of

the linear motion antenna will significantly reduce the frequency of maintenance and enable maintenance from the exterior of the

vacuum vessel. A typical design would involve a millimeter-wave beam launched from the end of a waveguide, reflected at a flat

mirror, and then reflected again at a concave mirror. In the second reflection, the reflection angle can be changed by varying the point

of reflection on the concave mirror. The point of reflection is easily controlled by the linear movement of either the flat mirror or the

concave mirror. It is notable that mirror rotation is not required, and the inside of a rigid drive shaft can be used as a cooling channel for

the mirror. This suggests that the antenna can be designed without a rotation axis, bearings, and a flexible cooling tube. Moreover,

because this antenna does not require any link mechanisms to convert linear motion into rotation, backlash can be eliminated;

accordingly, a fast and precise beam angle control can be realized. Initial design studies on antenna sizes, a range of the beam angle,

and beam quality is presented.
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TECHNICAL DESIGN OF NBI SYSTEM FOR JT-60U MODIFICATION WITH

SUPERCONDUCTING DEVICE (JT-60SA) (P3-B-336) 
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INOUE, Mikito KAWAI, Minoru KAZAWA, Katsumi KIKUCHI, Mitsuru KIKUCHI, Masao KOMATA, Makoto

MATSUKAWA, Yukihiro MIURA, Kazuhiko MOGAKI, Katsuya NOTO, Fuminori OKANO, Tokumichi OHGA, Katsumi

OSHIMA, Tadashi TAKENOUCHI, Hiroshi TAMAI, Yutaka TANAI, Naotaka UMEDA, Katsutomi USUI, Kazuhiro

WATANABE, Haruyuki YAMAZAKI

Japan Atomic Energy Agency, Fusion Research and Development Directorate 801-1 Mukoyama, Naka-shi 311-0193 Ibaraki-ken Japan

Modification of JT-60U to a superconducting device (so called JT-60SA) has been planned to contribute to ITER and DEMO. The

main missions of JT-60SA are to optimize the operational scenarios of ITER in break-even class plasmas and to establish high beta

steady-state operation for DEMO. Then, the design requirements are to have capability of steady state high beta plasma with full

non-inductive current drive for more than 100 s. To achieve this requirement, the NBI system is required to inject 34 MW for 100 s.

The upgraded NBI system consists of twelve positive ion based NBI (P-NBI) units and one negative ion based NBI (N-NBI) unit. The

injection power of the P-NBI units are 2 MW each at 85 keV, and the N-NBI unit will be 10 MW at 500 keV, respectively. There are

three types of P-NBI units (perpendicular: 8 units, co-tangential: 2 units, counter-tangential: 2 units) to control deposition profile and

plasma rotation. The beam line of the co-tangential N-NBI unit is shifted downward from the equatorial plane by ~0.6 m to drive

off-axis plasma current so as to produce reversed shear with a high bootstrap current fraction. 

The critical issue of the modified NBI system is to extend the pulse duration up to 100 s. In the P-NBI unit, long pulse operation of

P-NBI unit at 2 MW for 30 s has shown that the temperature rise of the cooling water in the ion source is almost saturated at less than

10 °C after ~15 s, so the present ion source of P-NBI may operate for 100 s. In the preliminary study, the present high voltage DC

power supply for P-NBI unit can drive the ion source for 100 s by modifying some resistances and employing active cooling of the

inner conductor in the high voltage feeder duct. The available beam voltage of the present N-NBI is less than 400 keV, so the main

issue of N-NBI unit is to improve the voltage holding of the ion source up to 500 kV. A modification of the accelerator such as the

insulator structure is under consideration. The present acceleration power supply of 500 kV, 64 A with an inverter switching system

will also be modified to extend its pulse duration from 10 s to 100 s by adding more converter-inverter components. The last item is

shielding of the leakage magnetic field of the JT-60SA. The leakage field will be about five times larger from the JT-60U, so

attachment of high permeability metal on the ion tank is required, in addition to strengthening the canceling coils. The details of this

technical design of NBI system for JT-60SA will presented.
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Design of the RF source for the ITER NBI (P3-B-339) 
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2. Max-Planck-Institut für Plasmaphysik Boltzmannstr. 2 85748 Garching Germany

A Radio Frequency (RF) driven negative ion source has been designed for the ITER neutral beam injectors, as an alternative to the

traditional arc driven solution.

The main advantage of this technology is to avoid the presence of the filaments, that require periodic maintenance and consequently

frequent shutdowns.

The design of the RF source has been based on the very encouraging results coming from test beds that are being operated at IPP in

Garching.

The requirements for the ion source of the ITER NBI are: 40 A beam current, 20/28 mA/cm2 D–/H– density current, 2000 cm2

extraction area, 0.3 Pa operating pressure and 3600 s pulse length.

The RF source for the ITER NB consists of a main chamber facing the plasma grid, eight drivers where the RF power is delivered and

all the auxiliary systems necessary for power transfer, cooling and diagnostic purposes.

The RF source is housed in the same quasi-cylindrical structure that supports the arc driven solution; in this way no interface issues are

raised with the neighboring components of the injector.

The electric circuit has been defined according to the design of the power supply: four independent identical circuits have been

foreseen, each one with two coils in series with a variable capacitor, for frequency tuning.

Specific cooling circuits have been designed to exhaust the heat loads on the most critical components, such as the RF coils, the source

case and the Faraday Shields (FS).

Preliminary analytical evaluations have been carried out to design these circuits. Detailed FE analyses have then been performed to

compute temperature and stress distributions in the FS, that absorb most of the input power and could be the most critical element under

CW conditions.

Sensitivity analyses have shown the influence of the main functional and geometric parameters on the performances of the FS.

The results have shown that temperature and stress in the copper are quite high, but some modifications are already proposed to

increase the safety margins. In particular, the importance of a proper design of the cooling channels was pointed out, in order to

optimize the functional parameters, i.e. to allow a larger water flow (improvement of heat load evacuation, which means lower

temperatures and lower stresses on the FS) and to reduce the pressure drop (which means less power spent for water pumping).

In the paper the design will be presented in detail, as well as the results of the analyses performed for the verification of components.
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Direct Measurement of Neutral/Ion Beam Power using Thermocouple

Analysis (P3-B-356) 

Ian Day, Stephen Gee

EURATOM/UKAEA Fusion Association Culham Science Centre OX143DB Abingdon UK

Modern Neutral Beam Injection systems such as those used on JET and MAST routinely use thermocouples embedded close to the

surface of beam stopping elements, such as calorimeters and ion dumps, coupled to high speed data acquisition systems to determine

beam profile and position from temperature rise data.  With the availability of low cost data acquisition and storage systems it is now

possible to record data from all thermocouples in a fully instrumented calorimeter or ion dump on 20ms timescales or better.  This

sample rate is sufficiently fast to enable the thermocouple data to be used to calculate the incident power density from 1d heat transfer

theory.  This power density data coupled with appropriate Gaussian fits enables the determination of the 2d beam profile and thus

allows an instantaneous and direct measurement of beam power.

The theory and methodology required to analyse the fast thermocouple data from the MAST calorimeter and residual ion dump

thermocouples is presented and direct measurements of beam power density are demonstrated.  The power of desktop computers allows

such analysis to be carried out virtually instantaneously. The methods used to automate this analysis are discussed in detail.  A code,

utilising the theory and methodology, has been developed to allow immediate measurements of beam power on a pulse by pulse basis. 

The uncertainty in determining the beam power density is shown to be less than 10%.  This power density data is then fitted to a 2d

Gaussian beam profile and integrated to establish the total beam power. 

Results of this automated analysis for the neutral beam and residual ion power of the MAST duopigatron and PINI NBI systems are

presented.  This technology could be applied to a beam power safety interlock system.  The application to a beam shine through

protection system for the inner wall of the JET Tokamak is discussed as an example.

This work was funded jointly by the United Kingdom Engineering and Physical Sciences Research Council and by EURATOM.
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DEVELOPMENT OF BEAM SOURCE AND BUSHING FOR ITER NB SYSTEM

(P3-B-362) 

Takashi Inoue, Masaya Hanada, Mieko Kashiwagi, Masaki Taniguchi, Hiroyuki Tobari, Masayuki Dairaku, Naotaka Umeda, 

Kazuhiro Watanabe, Keishi Sakamoto, Yoshitaka Ikeda

JAEA Naka, Fusion R&D Directorate 801-1 Mukouyama 311-0193 Naka Japan

The ITER neutral beam (NB) system requires 40 A of D- ion beams (current density: 200 A/m2) at the energy of 1 MeV. These current

and energy are twice higher than those of existing negative ion based NB injectors (N-NBI of JT-60U and LHD). Moreover, the ITER

NB system runs in radiation environment. 3D nuclear analyses have clarified that conventional insulation gas is not applicable to avoid

radiation induced conductivity (RIC). And hence, the present ITER NB design adopts vacuum insulation for the beam source (ion

source and accelerator), with a high voltage (HV) bushing as a vacuum boundary. The paper reports recent progress in R&D of the ion

source, the accelerator and the bushing for ITER.

Ion source: The D- ion current density of 200 A/m2 has been achieved in KAMABOKO source during the ITER EDA. The D- ion

current of 20 A has been produced in the large negative ion source of JT-60U N-NBI. An issue unsolved was negative ion uniformity of

large sources. A new magnetic configuration in a large negative ion source (extraction area: 34 cm x 15 cm) improved the negative ion

uniformity (deviation of beam local intensity from its average to be from ±15.5% in original to ±7.9%) preventing fast electron drift. A

design analyses are in progress to apply the new magnetic configuration to the JT-60U large source and an RF driven negative ion

source.  

Accelerator: Acceleration test of high current density beams are in progress. So far, the H- ion beams of 146 A/m2 (total ion current:

0.2 A) was accelerated up to 836 keV. Divergence of such high power density beams was also confirmed to be ? 5 mrad, which fulfilled

the ITER requirement (? 7 mrad). The efficiency of the accelerator, and hence the NB system, is dependent on stray electron

acceleration. Generation and acceleration process of the stray electrons are discussed comparing analyses and measurement of current

flowing into accelerator grids.

HV bushing: The bushing is an interface between the beam source and the power supply, with many penetrations of bus bars, water

pipes and a gas pipe. To accomodate these bus bars and pipes with reasonable insulation distance, the bushing consists of large bore

ceramic rings (1.56 m inner diameter). JAEA together with Kyocera Co. Ltd. developed a new technology to manufacture the full-scale

ceramic rings in existing facilities of limited dimensions.
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Each ITER NB injector shall provide 16.5MW auxiliary power by accelerating a deuterium beam across a voltage of 1MV. At present

there are two possible alternatives for the accelerator. The reference design is based on a multi-aperture multi-grid (MAMuG)

electrostatic accelerator, where the total potential difference is graded using five grids at intermediate steps of 200kV. In the alternative

concept, the SINGle Aperture–SINgle GAP (SINGAP) accelerator, after a 50kV pre-acceleration grid, the total voltage is isolated in

one single step, across a large gap defined by the grounded grid.

All the coolant and electric lines reach the beam source from a gas insulated transmission line and a large feedthrough acts as a barrier

between the gas and the vacuum environments. This 1MV bushing, which is similar for both alternatives, is insulated using pressurized

SF6 (0.6MPa) outside and vacuum inside the vessel. Moreover it features a double barrier for tritium containment, whose interspace is

filled with a guard gas (N2) at 1MPa.

The beam source is suspended inside the vessel, with different systems for the two alternatives, and it represents a large area cathode

biased at -1MV.

Many different types of HV DC insulation means are therefore used in the injector: vacuum, pressurized gas and solid insulators.

As far as the 1MV vacuum insulation is concerned, the experimentally observed phenomenon of the so called ‘dark current’, represents

a critical issue, since even a small current can cause damage on uncooled electrodes.

When a breakdown occurs between electrodes in vacuum, the energy stored in stray capacitances of both the bushing and the beam

source is deposited onto the electrode surfaces. These ‘energetic’ breakdowns can cause fast de-conditioning of the vacuum gap,

thereby reducing the voltage hold off capability of the system.

Experiments carried out with selected insulating gases, have shown that the radiation induced conductivity will produce power losses at

the gas side of the bushing and in the transmission line. This represents a serious problem for gas insulated systems. 

All of the above mentioned issues are analyzed in the paper, presenting also the state of the art for the different insulations. Moreover

possible design solutions for the NB injector are reported and a series of experiments are proposed that should drive future R&D to

achieve reliable insulation up to 1MV.
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A Novel System for the Direct Measurement of the Electron Energy

Distribution Function by Langmuir Probe in Ion Sources (P3-B-375) 

David Homfray, Brendan Crowley

EURATOM/UKAEA Fusion Association Culham Science Centre OX143DB Abingdon UK

To realise a high yield H- (or D-) ion source capable of long pulse operation for the ITER neutral beam heating system it is vital to

understand and optimise the plasma parameters in the ion source. Conventional Langmuir probe analysis is prone to error as low

pressure plasmas are generally non-Maxwellian. In non-Maxwellian plasmas, the electron temperature is thought of as an effective

electron temperature corresponding to a mean electron energy determined from the integrals of the electron energy distribution function

 (EEDF). Druyvesteyn [1] showed that the EEDF may be found from the second derivative of the current-voltage characteristic.

However determination with a conventional Langmuir Probe is noisy and generally yields poor results. 

In this paper we present an alternative method first used by Boyd and Twiddy [2]. By superimposing a modulated AC voltage on the

DC probe voltage the second derivative may be obtained from a direct measurement of the resulting current at the modulation

frequency. This method has been adapted to take advantage of current technologies and computer power. The hardware comprises of a

high speed data acquisition PC running a bipolar power supply. The output from this power supply is connected to the Langmuir probe

and the current collected by the probe is sent to a dual channel instrumentation amplifier returning both signals to the PC. The software

provides outputs, data acquisition and analysis. The dual channel amplifier separates the DC and AC component of the probe current

and the AC component is analysed using a software Fast Fourier Transform (FFT) analyser.

A calibration system is currently under development comprising of a plug-in to the main software suite and a programmable load which

takes the place of the probe and plasma. The software provides a waveform to the programmable load which allows the user to adjust

specific parameters to get the optimum signal for the smallest SNR.

The paper presents a detailed account of the experimental method, analysis, apparatus, software and the calibration test system used. 

The impact of the development is demonstrated by comparing data obtained from the ITER Negative Ion Beam development Test

Stand at CEA Cadarache using this method with similar data obtained with conventional methods. 

This work was funded jointly by the United Kingdom Engineering and Physical Sciences Research Council and by EURATOM. 

1. Druyvesteyn, M.J. Z. Phys. 64, p790, 1930

2. Boyd and Twiddy Proc.Roy.Soc  p250 53 part A 1950
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Current Drive system (P3-B-380) 
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20 MW CW RF power is required for the ITER ion cyclotron heating and current drive system for an antenna load with a maximum

VSWR of 2 over the frequency range of 35 – 65 MHz. For the different present antenna designs under consideration, three possibilities

for designing of ITER RF source will be looked upon: 2.5 MW per source into a VSWR 2, 2.5 MW per source into a VSWR of 1.5 and

1.7 MW per source with VSWR 1.5. In order to achieve 20 MW of power, either 8 sources each of 2.5 MW power or 12 sources each

of 1.7 MW power are to be employed. Each of the RF source is a multistage amplifier. To achieve the full power of 2.5 MW output for

each of 8 sources into a varying loads (VSWR 2/1.5), two high power outputs of 1.25 MW capability will be combined with external

power combiner. For 1.7 MW 12 sources into a VSWR 1.5, single tube transmitter will be sufficient for each of the sources. The

controls required for each of the sources, like for feedback, for low level signals and for the power supplies will form the basis for the

control specification for the ITER ICRF system.        

In this paper, detail design concepts for the ITER RF sources will be presented.
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The requirements for the RF generation of ITER ICRH include several parameters that are not compatible for a tetrode to fulfill. High

power, from 1.7 to 2.5 MW according to the ICRH design options, have to combined with, both, a cw operation (more than 1000

seconds of continuous running time) and a high VSWR (higher than 1:2.0), over the required frequency range of 40 to 56 MHz.

The proposed paper will overview the existing tetrodes on the market used in similar type of operations, i.e. in fusion applications. This

analysis shows clearly the limitations of the conventional tetrode technology that can only fulfill some of the ICRH requirements, but

not all together. 

The first part of the paper will describe the latest results on conventional tetrodes, after years of operation at TORE SUPRA and JET,

for which tetrodes such as TH 525 and TH526 are used. The results clearly indicate that tetrodes are well suited for Fusion applications

but not with the combination of parameters necessary for ITER ICRH.

The second part will describe the extended performance tetrodes, based on a Double Folded Grid High Performance (2-FGHP) tetrode

technology, used for scientific and TV broadcast applications for years. This 2-FGHP concept extends drastically the performance of

tetrodes, either in terms of frequency, or power or pulse duration, allowing such tetrodes to be used in ITER.

The third part shows results of operation in these scientific and broadcast areas of 2-FGHP tetrodes in order to demonstrate the

advantages of this technology over conventional tetrodes. Real operation data allow to give performance together with duration of

operation in full service, on a 24 hour per day basis. 

Finally the last part will be dedicated to present the latest results obtained in a Fusion type tests at Thales Electron Devices in 2006 of a

2-FGHP tetrode. These results show the possibilities of this technology to fulfill ITER ICRH requirements and its capabilities to allow

some evolutions of these requirements.
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The paper describes the studies and the tests for the development of the insulation structure of the 1 MV-50 A Gas Insulated (SF6) Line

of the ITER NBI in the SINGAP configuration.

Basically, the Transmission Line for the SinGap configuration consists of a coaxial conductor with the inner electrode polarized at the

negative value of 1 MV dc. Despite Transmission Line belongs to the Gas Insulated Switchgear (GIS) family, whose technology is

nowadays mature, the design of spacers (usually epoxy post and conical type) for High Voltage DC with the same degree of reliability

of spacer for High Voltage AC is far away to be attained, due to the substantial difference between AC and DC voltage electric field

configuration and insulation behavior at Epoxy-SF6 interface. Furthermore, the occurrence of very frequent short circuits during the

NBI operation introduces further elements of uncertainty in the design of the insulation structure.

The first step was then to assess the capability of standard epoxy spacers to withstand DC voltage with frequent short circuits, in order

to determine if the choice of the material is suitable for such an application; a test circuit was set up, with the possibility to generate 200

kV DC and to produce a short-circuit every 15’. The system with the spacers was pressurized with SF6 at 0.3 MPa. For the

interpretation of the experimental results, the spacer has been modeled with commercial (ANSYS™ FEM) and research (Cell Method)

numerical codes in order to evaluate both the capacitive and resistive electric field distributions.

Once assessed the possibility of using epoxy compounds for the spacer construction, the post and cone spacers have been designed

taking into consideration various cases, like electrostatic field configuration, resistive distribution for homogeneous and skin

conductivity of the spacer, and for high SF6 conductivity. In these cases the optimization of the triple point screening has been

evaluated, leading to highlight pros and cons of the different solutions for such important detail of the insulation structure.
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The Pulse Step Modulator technology is widely used for several high voltage power supply applications, including the supply for

gyrotrons, klystrons and neutral beam injectors.

Thomson Broadcast & Multimedia is working on a new tube power supply system designed to operate severall differnt klystron and

gyrotron tubes for tube production testing.

The system consists of the main power supply and the anode / body modulator. The main power supply is rated 160 kV / 20 A cw / 400

A pulse. The anode / body modulator is rated 100 kV / 250 mA. Both subsystems will be realised  in PSM technology. 

The main power supply is a PSM system with some novel features. The target is to achieve very short rise times of 5 us with low

overshoot and also very low short circuit energies. 

The anode modulator requires 5 kHz modulation capability on high capacitive loads. This is achieved with a push-pull technology.

The anode / body modulator is currently under testing in the Thomson factory. The mains power supply will be installed in the tube

factory in autumn 2006. The paper gives an overview on the complete system. It will show the basic features and shows the status of

the system testing.
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Design of high power combiner in MHz frequency range (P3-B-384) 

Aparajita Mukherjee, Dhiraj Bora

Institute for Plasma Research Bhat, Gandhinagar 382428 Gandhinagar INDIA, Gujarat

High power combiners are very essential components for combining high RF power. 180 degree hybrid power combiner has been

designed in the MHz frequency range using 3D electromagnetic simulation code. The combiner is a four-port device, two ports are used

for inputs, one port is for output and the fourth port is used for dummy load. This component is a 70.7 Ohm type, made out of co-axial

line section. Transition ports are coaxial type, EIA 9 inch 50 Ohm. While designing, VSWR and insertion loss are kept below 1.05 &

0.1 dB respectively for the operating frequency. This component is designed to handle 2.5 MW of RF power. To accommodate for long

pulse operation (CW mode) inner structures are actively cooled. 

This combiner could be used for combining two 1.25 MW outputs for each of the 8 ITER ICRF source systems for delivering 2.5 MW

on varying loads.   

In this paper, detail design and simulation results of high power combiner will be discussed.
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PHYSICS BASIS AND MECHANICAL DESIGN OF THE ACTIVELY COOLED

DUCT PROTECTION FOR THE JET NEUTRAL BEAM ENHANCEMENT

(P3-B-388) 

David Wilson, Dragoslav Ciric, Stephen Cox, Timothy Jones, Michael Kovari, Antonella Li Puma, Elizabeth Surrey

EURATOM/UKAEA Fusion Association Culham Science Centre OX143DB Abingdon UK

The JET Neutral Beam Enhancement (NBE) will raise the power from 25MW to >34MW and increase the pulse length from 10s to

20s. The additional power will be obtained partly by increasing the fractional energy components of the beam, hence increasing the

particle flux. These changes place extreme demands on the design of the upgraded protection to the torus entry duct. Re-ionised beam

particles formed by collisions with the background gas are focused onto the duct walls; an instability threshold thus exists in the duct

gas-balance, expressible as a critical gas re-emission coefficient Gcrit, defined as the ratio of re-emitted molecules to incident ions.

Gcrit decreases with beam particle flux and increases with effective duct pumping speed. For NBE Gcrit will be < 3 without additional

in-situ pumping, a condition more demanding than for any neutral beam duct ever operated. The present inertial duct protection already

reaches its thermomechanical limit in 10s pulses, and active cooling of the upgraded duct protection is therefore essential. Extensive

analysis of the pressure and temperature evolution in the present uncooled duct established the relationship between gas re-emission

and surface temperature for copper in this operating environment.  This was used in an integrated physics and engineering approach to

the design of the actively cooled duct protection. Surface temperature determines power density through the gas re-emission and

consequential beam re-ionisation. These considerations define the normal operating point for the chosen enhanced hypervapotron

element technology, designed to be at moderate values of surface temperature (<200oC) and power density (<6MWm-2), thus

providing significant margin for transients up to 18MWm-2 in off-normal events, yet still within the steady-state thermomechanical

rating of the element. This approach resulted in the decision that supplementary in-situ duct cryopumping could be avoided, provided

that the required heat-transfer conditions could be met without any encroachment of the elements beyond the space envelope of the

existing inertial duct protection plates. This posed severe constraints on the mechanical design of the hypervapotron element array and

its manifolding and the adopted engineering design solutions will be presented.

This work has been conducted under the European Fusion Development Agreement and is partly funded by Euratom and the United

Kingdom Engineering and Physical Science Research Council.
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Design and Testing of 200kW /91.2 MHz RF Amplifier (P3-B-394) 

Raghuraj Singh(1), D. S. Bhattacharya(2), A. Bhardwaj(1), D. Bora(1), Rajan Babu(1), P. Biswas(1), G. Agrajit(1), H. M.

Jadav(1), B. Kadia(1), Kumar Rajnish(1), A. Mukherjee(1), Y.S.S. Srinivas(1)

1. Institute for Plasma Research Bhat, Gandhinagar 382428 Gandhinagar INDIA, Gujarat
2. Variable Electron Cyclotron Centre 1/AF Bidhan Nagar 700064 Kolkata INDIA, West Bengal

1.5 MW Ion Cyclotron Resonance Heating (ICRH) System is being developed as an auxiliary heating system for SST-1 (Steady State

Superconducting Tokamak-1) plasma. Different frequencies between 20 MHz to 91.2 MHz have been selected to allow second

harmonic and minority heating at 1.5 T & 3.0 T toroidal magnetic fields. Various stages of amplifiers will be used to achieve the

targeted power output at the above-mentioned frequencies. Two RF generator chains are being used to cover the desired operating

frequencies. One is tunable from 20 MHz to 45.6 MHz and the other one is fixed at 91.2 MHz, with 2 MHz bandwidth. In the later

chain of amplifiers, a 20kW amplifier is already tested at 91.2 MHz to drive the 200kW stage of the amplifier. Based on Tetrode

TH781, an amplifier for output power of 200kW is designed, fabricated and assembled. Low power test has been done successfully and

the system is now under high power testing.  

In this paper, the detail design and low-high power testing of 200kW stage would be discussed.
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Thermo-mechanical design of the SINGAP accelerator grids for ITER NB

Injectors (P3-B-406) 

Piero Agostinetti, Samuele Dal Bello, Mauro Dalla Palma, Pierluigi Zaccaria

Consorzio RFX - Associazione EURATOM -ENEA sulla fusione Corso Stati Uniti 4 I-35127 Padova Italy

The SINGle Aperture - SINgle GAP (SINGAP) accelerator for ITER neutral beam injector foresees four grids for the extraction and

acceleration of negative ions, instead of the seven grids of the Multi Aperture Multi Grid (MAMuG) reference configuration.

Optimized geometry of the SINGAP grids (plasma, extraction, pre-acceleration, and grounded grid) was identified by CEA Association

considering specific requirements for ions extraction and beam generation referring to experimental data and code simulations.

This paper focuses on the thermo-hydraulic and thermo-mechanical design of the grids carried out by Consorzio RFX for the design of

the first ITER NB Injector and the ITER NB Test Facility. The cooling circuit design (position and shape of the channels) and the

cooling parameters (water coolant temperatures, pressure and velocity) were optimized with thermo-hydraulic and thermo-mechanical

sensitivity analyses in order to satisfy the grid functional requirements (temperatures, in plane and out of plane deformations). A

complete and detailed thermo-structural design assessment of the SINGAP grids was accomplished applying the structural design rules

for ITER in-vessel components and considering both the reference load conditions and the maximum load provided by the power

supplies.

The design required a complete modelling of the grids and their support frames by means of 3D FE and CAD models. The grids were

finally integrated with the support and cooling systems inside the beam source vessel.

The main results of the thermo-hydraulic and thermo-mechanical analyses are presented. The open issues are then reported, mainly

regarding the material properties characterization (static and fatigue tests) and the qualification of technologies for OFHC copper

electro-deposition, brazing, and welding of heterogeneous materials.
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The ECH front steering launcher for the ITER upper port (P3-B-407) 

Rene Chavan, Mark Henderson, Robert Bertizzolo, Jean-Daniel Landis, Francisco Sanchez, Hiroyuki Shidara

CRPP EPFL 1015 Lausanne Switzerland

The purpose of the ITER electron cyclotron resonance heating (ECRH) upper port antenna will be to drive current locally inside the

island which forms on the q=3/2 or 2 rational magnetic flux surfaces in order to stabilize neoclassical tearing modes (NTMs). The

launcher should be capable of steering the beam deposition location across the resonance surface over the range in which the q=3/2 and

2 surfaces are found, for the various plasma equilibria susceptible to the onset of NTMs. ITER’s reference design uses a front steering

(FS) concept, with the moveable mirror close to the plasma. Two separate mirrors are used to decouple the focussing and steering

aspects resulting in an optimized folded beam path, and an improved performance over the alternative remote steering concept. In

addition the steering range can be extended offering a synergetic design with the equatorial launcher and the prospect for an enhanced

ECH physics programme on ITER.

The FS launcher is capable of steering eight 2MW beams via two sets of steering mirrors out of each of the four allocated upper port

plugs. Among the relevant mechanical design aspects are the systematic reliance on frictionless and backlash free mechanical

movements based on the compliant deformation of structural components to avoid the in vessel tribological difficulties [1]. An inert gas

pressure controlled bellows system provides accurate angular positioning of the steering mirror. Integrated design solutions provide

sufficient neutron shielding within the available space. The antenna is designed fail-safe to provide full bandwidth beam steering

capabilities during the twenty years lifetime of ITER. Details of the FS launcher design relating to mm-wave, thermohydraulic,

electromagnetic, neutron shielding and structural aspects and possible options regarding the integration of launcher components into the

port plug are discussed.

The scope of the mm-wave engineering and design work on the FS launcher system is detailed, which includes the routing of the

mm-wave guides, starting at the inlet gatevalves near the closure plate through the port plug and neutron shielding structures. The

particular key design features developed in response to the functional and physics requirements are explained and assessed.

[1] J.-D. Landis et al., this conference.
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Manufacture of New Set of Calorimeter Panels for the Neutral Beam Injection

of ASDEX Upgrade (P3-B-416) 

Thomas Huber(1), Markus Fröschle(2), Jürgen Weigert(3), Anton Zabernig(1), Bernd Heinemann(2), Rudolf Riedel(1), Anna

Entcheva(2), Bertram Schedler(1)

1. PLANSEE SE, Technology Center Postbox 6600 Reutte Austria
2. Max-Planck-Institut für Plasmaphysik Boltzmannstr. 2 85748 Garching Germany
3. PTR Präzisionstechnik GmbH, Am Spitzen Sand / Postfach 1165, D - 63461 Maintal, Germany Am Spitzen Sand 63461 Maintal Germany

The Neutral Injection of ASDEX-Upgrade employs calorimeter panels to measure the power of the neutral beam. These components

are designed to safely absorb specific heat flux loads as high as 25MW/m² over a period of 10s. The currently used calorimeter panels

have reached after ten years the end of their service life time and have to be replaced. 

The components consist of the CuCrZr which is a precipitation hardened alloy. The selection of the manufacturing process therefore

determines the final thermal and mechanical properties of the alloy. In the past these components were manufactured by a two step

brazing process, at about 830°C and 730°C, respectively. This led to an overaging of the material resulting in low mechanical

properties. As predicted by finite element calculations the cyclic heat flux load leads to ratcheting at the heated surface finally limiting

the life time of the components. 

In order to increase the service life time of the component it has therefore been decided to employ electron beam welding as the only

joining technique to realise the required joints of the components. To fully characterise this manufacturing route a qualification

programme has been performed, which ended in the manufacture of prototypes. These have been tested in ASEDEX Upgrade in

comparison to brazed components. After successful qualification of design and processes the manufacture and testing of 100

calorimeter panels has been launched and completed recently. The used design, the results of the qualification tests, the manufacturing

sequence and the applied non-destructive methods will be described in the paper.
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Recent ICRH developments at JET (P3-B-424) 

Mark Vrancken(1), Igor Monakhov(2), Trevor Blackman(2), David Child(2), Pierre Dumortier(1), Frederic Durodie(1), 

Michel Evrard(1), John Fanthome(2), Richard Goulding(3), Margaret Graham(2), Sebastien Huygen(1), Philippe Lamalle(1), 

Fabrice Louche(1), Marie-Line Mayoral(2), Andre Messiaen(1), Mark Nightingale(2), Jean-Marie Noterdaeme(4), Jef

Ongena(1), Derek Stork(2), Michel Vervier(1), Anthony Walden(2), Andy Whitehurst(2)

1. Association EURATOM-Belgian State, Ecole Royaly Militaire Avenue de la Renaissance 30 B-1000 Brussel BELGIUM
2. EURATOM/UKAEA, Culham Science Centre Abingdon OX14 3DB Oxford UK
3. Oak Ridge National Laboratory Oak Ridge TN3783169 Tennessee USA
4. Association EURATOM/Max-Planck Institute for Plasmaphysik IPP D 85748 Garching GERMANY

The ICRH system on JET is currently upgraded to (i) validate that the conjugate-T antenna concept allows to reliably couple power to

ITER relevant plasmas, even in the presence of large edge density variations as e.g. caused by ELMs, and (ii) to further increase the

total additional heating power to JET. Four enhancements are being implemented or prepared: (i) a new ITER like conjugate-T antenna

with internal matching (JET-EP antenna), (ii) 3dB splitters between two of the four JET-A2 antennas together with (iii) an improved

version of the existing trip management system and (iv) a conjugate-T antenna system with external matching.

Prior to installing the JET-EP antenna in the JET torus, the overall design specifications will be validated on a purpose built

radio-frequency (RF) test bed, consisting of (i) a vacuum vessel with high power RF feeds and an extensive set of diagnostics and (ii) a

moveable plexiglas water tank to simulate the plasma load. The RF test bed is operated from a local control room. Three main test

phases are foreseen: (i) characterisation of the full antenna strap array scattering matrix at low power in open air with the variable load

to simulate relevant antenna loading and mutual coupling between the straps; (ii) vacuum tests at high power (2MW) to prepare the

antenna for torus like operating conditions; (iii) hydraulically positioning the 8 matching capacitors (0.1mm precision), under control of

a real time “matching algorithm”; this algorithm uses reflected power measurements in the low power feeding network as feedback

control signal, while the load is varied with the moveable water tank. In a later stage, RF probes near the variable capacitors will

provide complementary control inputs. Results from the JET-EP antenna on the RF test bed will be presented.

The 3dB splitters recently installed between the existing JET-A2 antennas A and B should allow, depending on the plasma scenario, to

provide on average up to 2 MW more coupled ICRH power to JET plasmas. An additional increase in delivered ICRH power should

result from the implementation of an upgraded trip management system on JET-A2 antenna C, leading to a reduction of the tripping

time of the RF generators during ELMs. First tests of the 3dB splitters on the JET-A2 antennas are ongoing and will be included in the

paper.
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INSTALLATION AND COMMISIONNING OF THE EU TEST FACILITY FOR ITER

GYROTRON (P3-B-426) 

Damien FASEL(1), Stefano Alberti(1), Emmanuel Droz(1), Tim Goodman(1), Mark Henderson(1), Jean-Philippe Hogge(1), 

Xavier Llobet(1), Blaise Marlettaz(1), Phlippe Marmillod(1), Albert Perez(1), Laurie Porte(1), Ugo Siravo(1), Minh Quang

Tran(1), Tullio Bonicelli(2)

1. CRPP EPFL 1015 Lausanne Switzerland
2. EFDA CSU-Garching Boltzmannstr. 2 D-85748 Garching bei München Germany

In the frame of the EU program on the ITER electron cyclotron wave (ECW) system, the development of a 170 GHz, 2 MW CW

coaxial gyrotron with depressed collector has been launched in the European Technology Workplan, during the 6th Framework

Program (2003-2006). Such development relies on the availability of a Test Facility (TF) capable of both delivering the energy sources

required by this new electron tube (electrical energy, cooling capacity), and allowing the control and acquisition of a large range of

signals used to understand and improve the gyrotron behaviour. This TF will be used, in a later stage, for the component test of the

ITER ECW system.   

This paper will report on the design, installation and commissioning of the TF in Lausanne. 

The electrical system fulfilling the gyrotron requirements will be presented. Details will be given on the supply structure implemented

in the light of the offers resulting from the call for tenders: the Main HV Power Supply (MHVPS) feeding the gyrotron cathode at

-55kV, 80A, and the Body Power Supply (BPS) polarizing the body and coaxial insert at 35 kV, 150 mA (steady state current value).

Preliminary tests results will be described. On the basis of the experience drawn from the TF design, a proposal for an alternate supply

structure compared to the present ITER reference design will be described.

The cooling system is an important part of the TF design. The efficiency of the depressed collector gyrotron being about 50%, this

implies that more than 4 MW power will be continuously dissipated and evacuated by the cooling equipment. The specifications, the

design and the commissioning results of the cooling system will be reported. 

The diagnostics, as others auxiliaries (vacuum, cryogenics), required for the gyrotron operation and testing, will be briefly described.

The second part of this paper will review the COntrol and DAta acQuisition (CODAQ) implemented in the TF. The control hardware

and software developed for the gyrotron and auxiliaries will be described (PLD, Data Base, Graphical Interface Unit), focusing on the

particular requirements relative to the gyrotron development phase. The design and the commissioning of the acquisition system will be

reported.

Finally, the operation rules for a safe and secured gyrotron prototype testing at the Lausanne EU gyrotron TF will be reported.
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AN ABSOLUTE VALVE FOR THE ITER NEUTRAL BEAM INJECTOR
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In the ITER reference design a fast shutter was included to limit tritium migration into the beamline vacuum enclosures. The need was

recently identified to extend the functionality of the fast shutter to that of an absolute valve in order to facilitate injector maintenance

procedures and to satisfy safety requirements in case of an in-vessel loss of coolant event. Three concepts have been examined

satisfying the ITER requirements for speed of actuation, sealing performance over the required lifetime, and pressure differential in

fault senarios, namely: a rectangular closure section; a circular cross section; and a rotary JET-type valve. The rectangular section

represents the most efficient usage of the available space envelope and leads to a minimum-mass system, although it requires greater

total force for a given load per unit length of seal. However, a metallic seal of the ‘hard/hard’ type, where the seal relies on the elastic

properties of the material and does not utilise any type of spring device, can provide the required seal performance with typical loading

of 200kg/cm. The conceptual design of the proposed absolute valve will be presented. The aperture dimensions are 1.45m high by 0.6m

wide, with minimum achievable leak rate of 1 &#61620; 10-9 mbarl/s and maximum pressure differential of 3bar across the valve.

Sealing force is provided using two seal plates, linked by a 3mm thick ‘omega’ diaphragm, by pressurisation of the interspace to 8bar;

this allows for a relative movement of the plates of 2mm. Movement of the device perpendicular to the beam direction is carried out

using a novel magnetic drive in order to transmit the motive force across the vacuum boundary, similar to that demonstrated on a

test-rig in an earlier study. The conceptual design includes provision of all the services such as pneumatics and water cooling to cope

with the heat loads from neutral beams in quasi steady-state operation and from the ITER plasma. A future programme is outlined

defining further R&D which includes construction of an appropriate test facility capable of operating at the required pressure

differentials. The programme would include fatigue and lifeteme tests of all the subsystems. 

This work has been conducted under the European Fusion Development Agreement and is partly funded by Euratom and the United

Kingdom Engineering and Physical Science Research Council. The views and opinions expressed herein do not necessarily reflect

those of the European Commission.
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S. Dutheil(1), F. Kazarian(1), C. Goletto(2), G. Lombard(2), M. Prou(4), K. Vulliez(1)

1. Association Euratom CEA, CEA/DSM/DRFC Cadarache 13108 St Paul Lez Durance France
2. Association Euratom-CEA, CEA/DSM/DRFC CEA-Cadarache 13108 ST PAUL-LEZ-DURANCE France
3. Thales Electron Devices (TED) 2 Rue de Latécoère 78141 Vélizy-Villacoublay France
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Within the CIMES project framework in Tore Supra, a klystron TH2103C (3.7 GHz)  is under development at THALES ELECTRON

DEVICES [1]. It differs from the previous klystrons used in Tore Supra generator mainly in that it has no modulating anode, the RF

output power will reach 700 kW CW, by raising the High Voltage value to 76kV and a beam current up to 23A. 

The Tore Supra test bed is a dedicated facility used for high power tests on RF components or on RF transmitters. It has been improved

to integrate the TH2103C klystron and a specific 100 kV solide state switch [2] which control the beam current. Since April 2005, the

integration of  the first tube (without modulating anode) and the 100 kV switch has been completed in the Test Bed and has allowed the

modifications and tests of the interfaces and security system for the devices. Improvements were also made on the cooling loop flow to

dissipate a power of 1750 kW CW. With these devices, the RF power routinely available in the Lower Hybrid Test Bed is 400 kW CW.

With the development of the TH2103C, detailed studies and tests on RF components which will be used up to 750 kW CW on match

load or 700 kW on VSWR=1.4, are necessary to evaluate their performances and thermal behaviour. 

The test a crucial component, the recombiner, which adds the RF powers coming from the two RF ouputs of the TH2103C and inject

the resulted power into one WR284 waveguide to a test load or to the plasma, was completed. Two tests have been performed : a

thermal study with 400 kW during 1000 s, and RF pulsed tests on short cuts to increase the value of the electric field inside the

component. The experiments and calculations (ANSYS and HFSS codes) validate the use of this device with the TH2103C.

A module made with two different Beryllium Oxide RF windows, has been under test. The losses on each window are measured by

calorimetric measurements and evaluated by computation with  HFSS and ANSYS code. The results are compared.

In this paper, the improvements of Lower Hybrid Test Bed are described and the computations and experimental tests available in Tore

Supra are detailed and compared with several examples.

[1] F. Kazarian et al. Developping the next LHCD source for Tore Supra

Fusion Engineering and Design, Vol. 74, p. 425-429 (2005)

[2] B.Beaumont and Al “100 kV solid state switch for fusion heating systems” Fusion Engineering and Design, Vol. 75-79, p.

1281-1285 (2005)
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Negative Ion Neutral Beam systems on ITER will require actively cooled scrapers and dumps to process and shape the beam before

injection into the tokamak. The scale of the systems is much larger than any presently operating, bringing challenges for designers in

terms of available sub cooling, total pressure drop, deflection and mandatory remote maintenance. In common with Positive Ion

systems, flux densities in the order of 15-20MW/m2 are commonplace but with much longer pulses.  A pulse length in excess of 3000

seconds and the anticipated beam breakdown rate pose new challenges in terms of stress and fatigue life. The cooling system

specification (up to 26 bar, 80 oC) adds further constraints impacting the material choice and operating temperature. The DDD designs,

based on swirl tubes, have been reviewed as part of the design process and recommendations made. Additionally, alternative designs

have been proposed based on the Hypervapotron high heat flux elements with modified geometry and drawing upon a vast background

knowledge of large scale equipment procurement and integration. Existing operational and design experience has been applied to give a

simple, robust and low maintenance alternative. A full thermomechanical analysis of all HHF components has been undertaken based

on ITER design criteria and the limited material data available. The results of this analysis will be presented, highlighting areas where

further R&D is necessary to reach the operating limits set out in the functional specification. Extensive comparison of these analyses is

made with the large operational database of existing JET beamline components for benchmarking purposes.  A particular feature of the

thermo-mechanical analyses is a fully self-consistent description in which ageing characteristics are related to the local temperature,

and the components’ power loading takes into account the thermal distortion. The advantages and disadvantages of all designs will be

presented and recommendations for improvements discussed.

This work has been conducted under the European Fusion Development Agreement and was jointly funded by Euratom and the United

Kingdom Engineering and Physical Science Research Council. The views and opinions expressed herein do not necessarily reflect

those of the European Commission.
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Ursel Fantz, Werner Kraus, Rudolf Riedl

Max-Planck-Institut für Plasmaphysik Boltzmannstr. 2 85748 Garching Germany

IPP Garching is currently developing a RF driven negative ion source for the ITER neutral beam injection system as an alternative to

the presently foreseen filamented source. The RF source has demonstrated the ITER requirements concerning negative ion current and

electron/ion ratio at the required source pressure for small pulse length and small extraction area. The next goals are the extension to

long pulses and large area sources at two further test facilities.  The Half-Size source at the test bed RADI, recently commissioned at

the IPP Garching, has roughly half the size of the ITER source. It is devoted to demonstrate the required plasma homogeneity of a large

RF driven source, to test an ITER relevant RF circuit and to show the scalability of the IPP RF source. Having no large area extraction

the source performance will be demonstrated with an extensive diagnostic and modeling program. This paper will present the results of

the first plasma discharges and describe the main technical features of RADI.
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OVERVIEW OF THE JET NEUTRAL BEAM ENHANCEMENT PROJECT
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Dragoslav Ciric, JET NBE Team

Heating and Fuelling Department, Euratom/UKAEA Fusion Association Culham Science Centre OX14 3DB Abingdon UK

Three objectives of the JET Neutral Beam Enhancement (NBE) are a) to increase the NB power delivered to JET from 25MW to

>34MW; b) to extend the beam pulse duration from 10 to 20 seconds and c) to improve availability and reliability of the JET NB

system. The project is based on the upgrade of the two existing JET neutral injectors, each equipped with eight positive ion neutral

injectors (PINIs).

The main increase of the NB power will come from the rearrangement of the ion source permanent magnets from the present supercusp

to pure chequerboard configuration, thus eliminating the magnetic filter used to limit primary electrons reaching the extraction region.

This modification considerably increases the fraction of molecular ions, which leads to higher neutralisation efficiency. Further

increase in the injected neutral beam power will result from higher beam transmission, the consequence of high uniformity and superior

properties of the beams extracted from chequerboard ion sources. Finally, the maximum extracted deuterium ion current will be

increased from the present ~55A to ~65A. This will be accomplished by the minor modification of the extraction aperture diameter and

the accelerator gap. All PINIs will be operated at the same acceleration voltage (125kV).

The increase of the beam pulse length from 10 to 20 seconds requires modification or replacement of inter-pulse water cooled beamline

components. The most challenging among these tasks is the replacement the duct liner, which protects the vessel from re-ionised beam

power at the beam entry into the torus. It will be replaced with an actively cooled liner based on proven hypervapotron technology.

To improve the overall reliability of the JET neutral beam system and to allow extraction of 65A of deuterium ion current, eight

existing 80kV/60A high voltage power supplies (HVPS) will be replaced with four new 130kV/130A units. This means that, after the

completion of the NBE project, 75% of the JET NB system (12 out of 16 PINIs) will be operated using modern HVPS units based on

Isolated Gate Bipolar Transistor (IGBT) switching technology.

The NBE project is one of the largest modifications of the JET machine under EFDA management and is being carried out by the

UKAEA Fusion Association. The project started in 2005 and will be completed in 2009. The various physics, engineering and planning

issues related to the NBE project will be discussed in the paper.
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The purpose of the ITER electron cyclotron resonance heating (ECRH) antennae located in the upper port launcher will be to stabilize

the neoclassical tearing modes (NTM) by driving currents locally inside either the q=3/2 or 2 island. The ITER reference design uses a

front steering (FS) concept with the moveable mirror close to the plasma. The FS launcher is capable of steering eight 2 MW beams via

two sets of steering mirrors [1]. 

In the adverse invessel operating conditions, reliable operation is required to guarantee the availability of the mirror steering

mechanism during the twenty year lifetime of ITER. The dynamic performance and steering accuracy of the mirror system are essential

for the localised beam power deposition. In order to increase the steering reliability and accuracy, traditional bearing and push-pull rods

are avoided, which tend to introduce backlash or grip. The proposed frictionless and backlash free mechanism design uses elastically

compliant structural components to guide and drive the rotating mirror. The actuator system is based on a pressure controlled helium

filled bellows array working against a set of preloaded compressive springs. The pressure control servovalves are located in the port

duct behind the closure plate.

Resistance to cyclic fatigue is the critical design requirement for compliant systems. In order to achieve the high reliability, four critical

components are identified and described in detail. The bellows, the flexure pivots, the return springs and the spiral cooling tubes are the

core elements of the mechanism allowing the controlled rotation of the mirror. The bellows has been identified as the most critical

component which is not covered by the industry standard codes. An extensive test program is in progress to asses the expected cyclic

lifetime of the bellows under working conditions. Prototypes of the other critical components are being tested. Corresponding analytical

and cyclic fatigue numerical models of the compliant components are to be validated by fatigue bench tests. Expected

thermomechanical stresses, induced by heat loads resulting from neutron irradiation and ohmic losses at the mm-wave reflecting

surfaces, and electromagnetically induced loads are simulated. The detailed design and the principal tests of the critical components

used in the FS mechanism will be presented.

Reference

[1] R.Chavan et al., this conference.
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The ITER Neutral Beam Injector (NBI) is designed to deliver 16.5 MW of additional heating power to the plasma, accelerating

negative ions up to -1 MV with a current up to 40 A. Two main power supplies are foreseen to feed the system: the Acceleration Grid

Power Supply (AGPS), which provides power to the acceleration grids, and the Ion Source Power Supply (ISPS), devoted to supplying

the ion source components. For the accelerator, two different concepts are under investigation: the MAMuG (Multiple Aperture,

Multiple Gap) and the SINGAP (SINgle Aperture).

During operation of the NBI, the breakdown of the acceleration grids will occur regularly; as a consequence the AGPS is expected to

experience frequent load short-circuits during a pulse. For each grid breakdown, energy and current peaks are delivered from the power

supply systems that could damage the grids, if not limited. In previous NBI, rated for a lower accelerating voltage, the protection

system in case of grid breakdowns was based on dc circuit breakers able to quickly disconnect the power supply from the grids. In the

ITER case, a similar solution is not feasible, as the voltage level is too high for present dc breaker technology. Therefore, the protection

strategy has to rely on fast switch-off of the power supplies, on the optimisation of the filter elements and core snubbers placed

downstream the AGPS and on the introduction of additional passive elements. However, achieving a satisfactory protection against grid

breakdowns is a challenging task, as the optimisation of each single provision can result in drawbacks for other aspects of the design;

for instance, the optimisation of the filter elements, obtained by reducing the filter capacitance, produces an increase of the output

voltage ripple. Therefore, the design of the protections must be carried out considering all the relevant aspects of the specifications, also

those that are not strictly related to the limitations of the current peaks and energy during grid breakdowns.

The paper describes the analyses carried out to design the protections of the ITER NBI power supplies, with particular reference to the

SINGAP case. Numerical simulations, based on detailed models of the circuit elements, have been performed to reproduce the

operation of the system both in normal conditions and in case of grid breakdown. The analyses and the simulations performed,

presented and discussed in the paper, allowed weighing the contribution of both circuital and stray elements, assessing the parameters

of the passive protection elements, evaluating the active contribution of AGPS to the grid breakdowns and the most suitable methods

and location for the grid breakdown detections so as to work out a complete design of the passive and active protection system.
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The most recent studies on the development of a Radio Frequency (RF) driven Negative Ion Source for the ITER NB Injector,

performed at IPP Garching laboratory, besides being aimed at demonstrating the fulfilment of the main ITER requirements, were also

addressed at defining the technical specifications for the mechanical and electrical components [1]. As far as the RF Power Supply (PS)

system is concerned, the most relevant input are the necessary RF power, the matching configuration, the number of the RF drivers to

supply. On the basis of these data, the design of a 1 MHz, 1 MW RF power supply system has been worked out in cooperation between

IPP and RFX in the framework of the European activities on the ITER NB Injector.

The first analyses to outline the RF power supply scheme were oriented toward the definition of the best modularity level to be adopted,

which is related to the requirements in terms of number of RF drivers independently controlled to achieve the desired spatial uniformity

of the negative ion production. The solution which will be presented in the paper was worked out with the aim of achieving the best

compromise between the required performance and flexibility level, size and cost. 

A key issue in a RF circuit is the achievement of the matching between the source and load impedances that allows the maximum

power transfer to the load and avoids the presence of reflected RF waves. In the ITER NBI RF source, load impedance variations are

expected, therefore provisions to assure the capability of adjusting the matching also during the pulse is required. In the existing IPP

test-beds, this function is performed by a matching network close to the source, made by a transformer, and a couple of capacitors, one

of which variable so as to provide for the adjustment required. In ITER, the presence of remote controlled mechanical actuators inside

the ion source should be avoided due to the radioactive environment and the difficult accessibility. Analyses were addressed to

optimize the matching circuit and to identify possible alternative strategies to perform the matching adjustment; they led to an improved

and simplified matching network without both matching transformers and remotely controlled variable capacitors in the source, the

adjustement being made by varying the RF generator frequency. 

The paper will report on the analyses performed, and the resulting present design of the RF power supply system. The results of the

experimental tests made at IPP to verify the proposed solutions will be also described. 

[1] W. Kraus et al. “RF-source development for ITER: Large area H- beam extraction, modifications for long pulse operation and

design of a half size ITER source”, Fusion Eng. And Design, Vol. 74, Part A pp 337-341.
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The Neutral Beam Test Facility (NBTF) will be the first ITER-like injector to be built with the objective of testing all the full scale

components under operating conditions equivalent  to ITER. During the EDA phase of ITER beam transmission calculations were

performed to study the effects of the residual magnetic field of ITER on the beam transmission . As a result of these studies, a set of

limits was found for the acceptable magnetic field at different stages of the beam transport. In recent years, further developments in the

field of the beam source and acceleration system have been carried out. Studies of negative ion and extracted electron transport in the

new systems (SINGAP accelerator) have lead to even more stringent conditions for the magnetic field in the grid area: a magnetic field

of 0.1 mT could give rise to unacceptable power loads at the neutralizer leading edges due to interception of the stripped electrons

trajectories.

The Magnetic Field Reduction system of the ITER NBH&CD injectors was designed such as to reduce the stray magnetic field of ITER

down to the required values, and  finite element magnetic analyses were performed at that time which acknowledged an associated error

greater than the acceptable magnetic field values at some critical areas.

In view of the critical effect of even a small magnetic field, and the uncertainty of the predicted values, it seems necessary to install at

the NBTF a set of coils able to reproduce the residual magnetic field inside the ITER injectors at different plasma and heating

scenarios.

This paper presents the design of the Residual Magnetic Field Coils (RMFC) to be installed at NBTF. It consists of 12 rectangular coils

electrically grouped into 6 pairs, located above and below the beam line vessels and covering all the areas relevant for beam transport.

At NBTF, the RMFC will be operated in a variety of electric current configurations in order to study the effect of the magnetic field on

the beam transmission and the power deposition at various simulated ITER scenarios. The paper presents a discussion of the criteria

entering the choice of coil design, of which the most relevant is the flexibility of achievable magnetic field scenarios. With the

proposed set of coils the magnetic field can be varied independently at the Beam Source,  Gap, Neutralizer and Residual Ion Dump

areas. The final coil arrangement is presented and the detailed coil and support structures design are described.
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The auxiliary heating at the TJ-II Stellarator consists presently of two ECRH lines with a total power of 400 kW and one Neutral Beam

Injector of 32 kV H0, 400 kW port through power. During the last experimental campaign, the beam power absorption has been studied

as a function of the plasma target profile in a variety of magnetic configurations. It was shown that the thermal energy content of the

NBI plasmas is a factor two larger than at the ECRH plasma target, indicating a good power coupling to the plasma electrons. The

density control is nevertheless difficult, the density rises rapidly  from ECH typical values (1.1 x 10-19 m-3) up to 6.5 x 10-19 m-3,

where a thermal collapse often terminates the discharge. 

A detailed knowledge of the gas and impurity sources associated with the neutral beams is desirable in order to improve the plasma

density control. A well known source of gas and impurities are the beam-wall interaction areas. In TJ-II, as in other helical machines,

the tangential neutral beam is partially intercepted at some points along the beam direction, typically by the toroidal field coil at the

beam entrance and the beam stops at the beam exit.

Knowledge of the power density distribution of the beam, as well as of its aiming direction is of the utmost importance in trying to

understand the  behaviour of the NBI plasmas. 

A retractable target calorimeter has been installed  in a radial port next to the NBI port. The target consists of six CFC graphite plates

mounted on a stainless steel frame, with thermocouples embedded into two copper blocks adiabatically mounted for calibration

purposes. The target intercepts the beam at the duct exit, and the thermal print is observed with and infrared camera positioned below

the beam duct, with a line of sight along the beam direction. Power density profiles in the vertical and horizontal directions can be

obtained, as well as the aiming direction of the beam. The transmitted power can be studied as a function of  the neutralizer gas, the

injection direction, and the beam perveance. Therefore, optimization of the injected beams can be carried out “in situ”, allowing even

some customization according to different plasma targets and magnetic configurations.
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The paper deals with the activities in Europe towards the development of the EC power sources for ITER. The agreed European

procurement sharing for ITER includes in fact one third (8 MW) of the EC RF power sources and the complete power supply feeding

the total 24 MW EC system.

The European effort for the EC power sources is centered on the development of a 170 GHZ, 2 MW, CW coaxial cavity gyrotron of

Collector Potential Depressed (CPD) type. A gyrotron with higher unit power compared to the ITER baseline (1 MW) would yield a

reduction of the installation costs and a more compact upper port launcher design (or, conversely, an increase of the power delivered

from one port).  Coaxial cavity gyrotrons have the potential to allow high unit power to be achieved and 2.2 MW in single mode were

demonstrated in short pulse operation [1] on a so-called pre-prototype gyrotron. A stable TE34,19 mode at 170 GHz has been excited in

single-mode operation over a wide parameter range.

The development work on the industrial prototype tube is performed in cooperation between European Associations and Industry.

The results from the pre-prototype have been fed into the specification and design of the first 2 MW prototype [2], which aims at

reaching 1 s operation, now under advanced stage of construction while experimental support continues to be provided by tests on the

pre-prototype. 

The associated superconductive (NbTi) magnet producing 6.86 T on the cavity axis is also being procured. This specified field profile

must be achieved with an accuracy in the range of 0.1% (cavity) to 0.5 %. The superconducting magnet is also provided with a set of

dipole coils to perform the alignment of the coaxial insert.

Two 2 MW dummy loads are also being procured. The first one is targeted for the initial short-pulse operation and is presently under

power testing in Greisfwald. The second load is intended for the later tests in CW [3].

A new EC test facility, with the features necessary for the testing of the gyrotron up to full power in CW, is also being established [4]

including full cryogenics and cooling capacity for the CW operation.

The power supply system includes a fully solid-state modulator of the body voltage capable of operation at 5 kHz, 25 kV peak-to-peak,

on a 3 nF capacitive load [5,6] which would yield advantages over the more traditional solution based in vacuum electron tubes.

Extensive tests have been successfully carried out on a dummy load. In addition, in order to limit the average power dissipation on the

gyrotron collector during RF power modulation, the beam current can be switched off repetitively up to a frequency of 5 kHz. 

Testing on the first gyrotron prototype is expected to start within 2006. 

The paper will also review the overall development plan towards the series production for ITER.
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The design of the first ITER NB Injector and the ITER NB Test Facility is presently in progress in the framework of EFDA contracts

with the contribution of several European Associations. One of the components currently studied by Consorzio RFX Team is the arc

driven negative ion source, which is designed to produce a D- beam of 40 A at 1 MeV for 3600 s pulses, generated in the ion source via

a surface production process in a caesium-seeded arc discharge of 790 kW total power.

This paper will focus in particular on the thermal analyses carried out in order to evaluate the thermal behaviour in nominal operating

conditions of the main components of the ion source: the arc-chamber and the filament cassette assembly. The study is based on

hydraulic, thermo-mechanical and thermo-electrical calculations performed by means of 2D and 3D finite element models, with inputs

coming partly from the ITER reference design documentation and partly from the design review activities presently in progress.

Moreover a complete modelling of all the components of the beam source assembly by means of new 3D CAD models was carried out

to demonstrate the feasibility of the proposed design.

For the arc chamber, an assessment of the cooling circuit has been performed and hydraulic analyses have been carried out to calculate

water flow rates and pressures inside the cooling channels. Thermo-mechanical analyses have been carried out considering several load

cases and different water flow rates. The maximum and average temperatures of the arc chamber walls have been calculated to verify

the operational conditions and the fulfilment of physics requirements for the negative ion generation.

For the filament cassette assembly, an assessment of the effectiveness of the cooling system has been carried out considering two

different design solutions: the first based on the reference design, with a dedicated active cooling system integrated in the filament

cassette; the other based on a simplified design with no active cooling in the cassette, which relies on the cooling of the chamber.

The paper will describe the results of the analyses, comparing the alternative cooling design to the reference one, and will highlight

some open issues that should be worked out before finalizing the design.
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In the second half of 2005, a liquid lithium limiter (LLL) with capillary porous system configuration was installed for testing on the

FTU tokamak. The liquid lithium flows through capillaries from a reservoir to the side facing the plasma to form a thin liquid lithium

film. The system is composed of three stainless steel sections, which contain two thermocouples each. A heating system brings the Li

temperature to about 200 ºC allowing the liquid to flow. This temperature, monitored by thermocouples, needs to be controlled. [M.

Apicella, G. Mazzitelli et al., First experiment with Lithium Limiter on FTU, 17° International Conference on Plasma Surface

Interaction in Controlled Fusion Devices, 22 – 26 May 2006, Hefei Anhui, China].

To carry out this experimental procedure, some new features have been introduced in the existent control system based on Opto22™

modules and a CORBA/PHP/MySQL software architecture [A. Bertocchi, S. Podda, V. Vitale, Fusion Eng. Des. 74 (2005) 787-791].

The historical data storage to keep the lithium temperature evolution has been added. Two graphical tools - developed in MATLab and

Java environments respectively to monitor the lithium temperature coming from thermocouples - have been also implemented. The

control system allows regulating the heater temperature in each section of the LLL to reach operational conditions, where the

temperature adjustment can be performed either automatically through a specific control law or manually by the operator. During

plasma operations the system switches off the limiter power supply to prevent instruments damage. Moreover, in the same experimental

context, a first approach to automatically obtain executable code - starting from control laws designed by Simulink™ tool - has been

realized.
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Active control of Resistive Wall Modes (RWMs) is a key issue for high-beta operation of future Tokamaks, including ITER. RFX has

been recently modified to specifically address this issue by means of a new saddle coil system, which is the most powerful and flexible

among all fusion devices.

As expected, unstable RWMs have been experimentally observed at RFX-mod during the recent machine operation, showing poloidal

and toroidal components m=1, 2<|n|<7 and growth times of some tens of ms, according to theoretical predictions. RFX-mod addresses

the control of RWMs by acting on the magnetic field configuration at the plasma boundary. Beyond RWM stabilization, the dedicated

saddle coil system also allows interaction with tearing modes and error field control. It consists of 192 coils, covering the whole torus

surface, arranged in 48 poloidal arrays, each made up of 4 equispaced coils. As each coil is independently fed, magnetic field poloidal

and toroidal harmonic components (m, n) can be generated with m=0, n=0 to 24 and m = 1, n=-23 to 24.

The control system has already proven to be a very powerful environment for MHD mode control. It is based on a modular hardware

and software infrastructure, currently including seven VME stations. MHD mode control is based on the real-time 2D Fourier spatial

analysis of the magnetic field. Equispaced sensors mounted on the outer surface of the vacuum vessel measure the magnetic field: 192

pick-up coils provide the local toroidal and poloidal components, 192 saddle probes the average radial field through their surfaces.

Successful experimental campaigns in 2005-06 have demonstrated the feasibility of RWM active control. Pulses have been executed

with and without control on a certain range of RWMs (m=1, n=3-6). Without control, the mode m=1, n=6 (the most unstable one in

these experiments) typically grows up and terminates the discharge in a few tens of ms. When the RWM control system is switched on

at a certain time during the discharge, the modes are immediately cancelled in a few ms. If RWM control is applied during the whole

discharge, the mode amplitude is steadily kept at negligible values.

The paper, after a brief description of the real-time control system for the MHD mode control of RFX-mod, will present the results

achieved and will discuss them emphasising the engineering and technological features of the system.
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The load assembly of RFX-mod includes three main toroidal passive components such as the inconel vacuum vessel, the thin copper

shell and the stainless steel supporting structure. It is characterized by a global time constant for the penetration of the vertical field

much shorter than the typical pulse length, which is routinely over 300 ms after the active MHD control system started operation. Thus

the plasma equilibrium must be feedback controlled throughout the pulse by acting on the currents of the Field Shaping Winding

(FSW). Even though the penetration of the field is not any longer an hindrance to the dynamic control of the plasma position, the

creation of a bias field before the gas ionization has proven to allow a better fulfillment of the equilibrium requirements. On the other

hand, during the charging phase of the magnetizing winding eddy currents are induced in the passive structures which are not

completely extinguished at the breakdown and contribute to the overall magnetic field inside the vacuum vessel. The analysis of

amplitude and shape of each single contribution is important to assess how they can affect the critical phase of gas ionization and

plasma current start-up. Moreover, the evaluation of the vertical field transfer function is necessary to design an effective closed loop

control system of the bias field in the discharge chamber by fully exploiting the available power before the pulse. 

RFX-mod has been equipped with a set of magnetic pickup and Rogowski coils properly aimed at the characterization of the

electromagnetic behaviour of the passive structures. In order to calculate currents flowing in the structures a 2D FE model of the

machine included in a MHD plasma equilibrium code was used after an extensive validation against experimental data. This was

considered an adequate tool since non axisymmetric effects on the plasma equilibium can be neglected. In particular, simulation results

allow to separate the contribution of plasma, passive structures and active windings to the equilibrium field configuration. 

Schemes of simultaneous control of the FSW and a subset of the saddle coils for the MHD mode control were also studied to achieve

the desired bias field configuration.

The evaluation of the transfer function between the vertical field reference and the actual average field on the equatorial plane inside

the vacuum vessel is presented in the paper along with comparisons with experimental results to test its accuracy.
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The suppression of ELMs with a Resonant Magnetic Perturbation (RMP), as demonstrated in DIIID experiments, is an attractive

solution to the problem of divertor target erosion in ITER. Ideally, the RMP should be strong at the plasma edge and weak in the core,

which requires the installation of the RMP coils as close as possible to the plasma.  In both ITER and JET, an installation within the

vacuum vessel would subject the coils to neutron irradiation, tritium contamination and all the problems of furnishing cooling and

electrical services, across many interfaces.

It has been proposed to install an “ITER prototype” RMP on JET.  The nearest ex-vessel location, which avoids these difficulties and

permits a suitable perturbation field, is between the poloidal field coils, P3 and P4.  The proposed RMP system consists of 18 upper and

18 lower Ergodic field coils, arranged around the torus and located ~2.5m from the plasma edge. Each coil measures 0.9m poloidally

and 1.8m toroidally, with a 30cm cross-section and a weight near 1,4 tonne. 400kAt per coil are necessary to produce the radial

magnetic field perturbation required for a plasma of 4MA/3.4T. Using a standard rectangular water-cooled conductor (OFHC copper

plate 50 x 12.5 mm² with two holes inside), the coil can be built by winding 6 x 12 turns. In order to generate the required toroidal

mode, n = 3, the current direction inside the coils will alternate every 3 coils. Vertical forces, up to 36 tonnes, and radial forces, up to

18 tonnes, due to the interaction between the machine main magnetic field and the coil current are withstood by a circular structure of

4m diameter, made-out of 2 cm thick stainless-steel plates. Since the structure is toroidally continuous, the total radial forces counter

balance each-other, whilst, via vertical supports, the vertical forces are taken by the 8 iron limbs of the external magnetic circuit. The

installation of the coils is simplified by the circular geometry of the structure, which will be installed first. Using a crane, each coil will

be first carried to a specific position (one at the top and one at the bottom) located between two adjacent ports. Then the coil,

pre-equipped with wheels, will be simply rolled inside the structure to its final toroidal position.

The paper will fully describe the RMP system including electrical and mechanical design, documented with thermal and mechanical

calculations.
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The super conducting stellarator WENDELSTEIN 7-X (W7-X) will run pulses of up to 30 minutes duration. All discharge scenarios

compatible with these capabilities will be supported by the control system: short pulses with arbitrary intervals, steady state discharges

and arbitrary sequences of phases with different characteristics in one discharge. Long discharges with phases of different

characteristics are understood as series of short discharge sections called “segments”. This, the heart of the control system is the

“segment control”.

Due to the long pulses and the innovative nature of plasma components a failure of a component during a discharge cannot be ruled out

and has to be handled by the control system. Safety critical failures are handled by the safety system. In many cases the failure leads

only to a degradation of the plasma quality and not to a safety critical situation. The segment control must detect the situation and steer

the discharge into another state in which preferably the discharge can continue without the failed component or the discharge is

gracefully brought to an end. 

Therefore the segment control system provides an online resource check of all components included in the segment control system. The

rules of the resource check depend on the planned plasma characteristics given in the segment description, e.g. when not all heating

systems are needed for the planned scenario a failure in an unneeded heating system will be tolerated. 

According to the hierarchical architecture of the segment control system described in [1] runtime resource checking is accomplished

hierarchically, too. A system on a certain level in the hierarchy evaluates the feasibility of the physical characteristic demanded from

this system to process this segment. Together with the feasibility information passed to this system by the next lower level and the

checking rules defined for this special segment a condensed feasibility status of the subsystem is computed. It is passed to the next level

in hierarchy. 

On the highest control hierarchy level, e.g. the W7-X central control system, the condensed feasibility status is used by a segment

scheduler to decide whether the discharge can continue as planned or an error recovery strategy must be followed. 

[1] Laqua, H.; Niedermeyer, H.; Schacht, J.: Control System of Wendelstein 7-X Experiment. Fusion Engineering and Design 66-68,

669-673 (2003).
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The new quality of the superconducting fusion device W7-X is its capability for long-pulse operation. Discharge operations can be up

to 30 minutes with full heating power. Considering the steady state operation capability the W7-X system control will be important for

future long-term fusion experiments. A wide spectrum of requirements has to be considered during design and realization of the system

control of W7-X. The experimental nature of the W7-X project requires high flexibility for machine operation and automatic program

controlled operation. During the planned life cycle of about two decades the scientific programs will be permanently adapted to new

aspects. New components will be included into the control system and established systems have to be adapted with respect to

technological progress. The device W7-X is a very complex technical system. On the top of the hierarchically structured system control

the central control system is located. Local components, e.g. power supplies, heating systems, and diagnostics, have their own control

systems. For commissioning and tests local systems will be run autonomously. In preparation for experiment operation all essential

components will be subordinated to the central control system. During experiments the central control system coordinates the activity

of these components. A special segment control system is responsible for processing predefined programs. The configuration of a

discharge phase can be set very flexible: Short pulses with arbitrary intervals, steady state long discharges and arbitrary sequences of

short phases with different characteristics in one discharge will be supported by the segment control system. The interactive session

leader program allows to choose and chain predefined segment programs, to start or stop a segment program chain as a discharge. The

progress of the discharge is visualized by a sequence monitor. The independent safety system consists of local units responsible for the

safety of each component and a central unit ensuring the safety of the whole W7-X system. Each technical and diagnostic component

can be described with a unified component model. This model permits a standardized procedure to integrate a component into the

control system of W7-X. Currently, some of the technical components of W7-X are already delivered, the others being in the phase of

procurement. Already finished components are used for testing their control systems and interfaces.
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The control of core magneto-hydro-dynamic (MHD) activity in fusion plasmas is crucial to increase a reactor performance.

Demonstration of automatic control of i.e. neoclassical tearing modes (NTMs) using electron cyclotron resonance heating and current

drive (EC-RH/CD) has been achieved in several devices. In ASDEX Upgrade (AUG), a significant effort has been made to optimise the

control of in particular NTMs and sawteeth using the present ECRH system (3 gyrotrons: f=140GHz, P=3x0.5MW, T=2s), but more

ECRH applications can be envisaged, i.e. current profile control or avoidance of impurity accumulation.

To increase the control capabilities, AUG is being enhanced with a new ECRH system and with a feedback scheme. The new ECRH

system will include 4 gyrotrons with P=4x1MW, T=10s and 105<f<140GHz. Its launching system will consist of 4 independent,

poloidally fast steerable mirrors (toroidally adjustable in between discharges). Aims of the feedback system are to prevent the

appearance of instabilities and, if one develops, to react and suppress it.

The preventive feedback relies on the on-line determination of the plasma equilibrium of the AUG discharge control system (DCS).

The suppressive feedback depends on the possibility of well detecting the mode position. Both schemes rely on the correct recognition

of the EC-RH/CD deposition and on the possibility of effectively controlling the movement of the launching mirror. Electron cyclotron

emission (ECE) signals are correlated with magnetic pick-up coils signals to determine the mode position, and to the ECRH power to

determine the EC-RH/CD deposition. The ECRH power is always on, with 10% duty cycle during "detection” and 90% during

“suppression”. The feedback loop evaluates this information and sends commands to move the mirrors. The main difficulty consists in

combining the different time scales: the DCS time sampling (1.6ms), the time scales of the mode growth (for NTMs, 100-200ms), of

the determination of the mode position (10-50ms) and of the EC-RH/CD deposition (50-100ms) with the time scales related to the

dynamic response of the mirror motor (dead time <10ms, ac/de-celeration phase of 50ms). The motor reaches its maximum speed

within ~60ms and the poloidal variation achieved is 10deg/100ms. The detection of the mode position and of the EC deposition are

shown. Tests and simulations of the mirror motor reaction are also presented, together with off-line simulations of the whole feedback

procedure.
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The WENDELSTEIN 7-X fusion experiment will be a highly complex device operated by a likewise complex control system. The

fundamental configuration of the W7-X control system follows two major design principles: It reflects the strict hierarchy of the

machine set-up with a set of subordinated components, which in turn can be run autonomously during commissioning and testing.

Secondly, it links the basic machine operation (mainly given by the infrastructure status and the components readiness) and the physics

program execution (i.e. plasma operation) on each hierarchy level and on different time scales.

The complexity of the control system implies great demands on appropriate user interfaces: specialized tools for specific control tasks

allowing a dedicated view on the subject to be controlled, hiding complexity wherever possible and reasonable, providing similar

operation methods on each hierarchy level and both manual interaction possibilities and a high degree of intelligent automation.

The contribution will describe the operation interface for experiment control including the necessary links to the machine operation.

The users of ‘Xcontrol’ will be both the W7-X session leaders during plasma discharge experiments and the components’ or

diagnostics’ operators during autonomous mode or even laboratory experiments. 

The main ‘Xcontrol’ features, such as program composition and validation, manual and automatic control instruments, resource survey,

and process monitoring, will be presented. The implementation principles and the underlying communication will be discussed.
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A plasma movie is generally expected as one of the most efficient methods to know what plasma discharge has been conducted in the

experiment. On this motivation we have developed and operated a real-time plasma shape visualization system over ten years. The

current plasma movie is composed of (1) video camera picture looking at a plasma, (2) computer graphic (CG) picture, and (3)

magnetic probe signal as a sound channel. (1) The plasma video movie is provided by a standard video camera, equipped at the viewing

port of the vacuum vessel looking at a plasma poloidal cross section. (2) A plasma shape CG movie is provided by the plasma shape

visualization system, which calculates the plasma shape in real-time using the CCS method [1]. Thirty snap-shot pictures per second are

drawn by the graphic processor. (3) A sound in the movie is a raw signal of magnetic pick up coil. This sound reflects plasma rotation

frequency which shows smooth high tone sound seems to mean a good plasma.

In order to use this movie efficiently, we have developed a new system having the following functions: (a) To store a plasma movie in

the movie database system automatically combined with the plasma shape CG and the sound according to a discharge sequence. (b) To

make a plasma movie be available (downloadable) for experiment data analyses at the Web-site.

The plasma movie capture system receives the timing signal according to the JT-60 discharge sequence, and starts to record a plasma

movie automatically. The movie is stored in a format of MPEG2 in the RAID-disk. In addition, the plasma movie capture system

transfers a movie file in a MPEG4 format to the plasma movie web-server at the same time. In response to the user’s request the plasma

movie web-server transfers a stored movie data immediately. The movie data amount for the MPEG2 format is about 50 Mbyte/shot

(65 s discharge), and that for the MPEG4 format is about 7 Mbyte/shot. It has been confirmed that transfer of plasma movie takes a few

seconds through a local area network. After the plasma discharge sequence is finished, it takes about 6 to 16 minutes to make a plasma

movie file for 15 s to 65 s pulse discharge. We are considering the digitalization of all plasma movies to improve the quality of the

picture. This presentation will provide the detail information on the plasma movie database system and broadcasting system from

Web-site. 

[1] Kurihara, K., Fusion Engineering and Design, 51-52, 1049 (2000)
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The active control system of MHD modes in RFX-mod consists of 192 saddle coils mounted on the outer surface of the stainless steel

supporting structure, which surrounds the thin copper shell and the vacuum vessel. An equal number of saddle probes and pickup coils

provide measures of the magnetic field average radial component on the vessel surface and the toroidal and poloidal components on the

shell inner surface, respectively.

Different control strategies have been successfully tested, such as the “virtual shell” and the “mode control”, the former aims at

vanishing the total field across the saddle probes, the latter at controlling the evolution of selectable set of MHD modes. In order to

optimize the design of the corresponding digital control systems, a plasma response model integrated with an accurate model of

actuators and sensors is necessary. Due to the presence of highly conducting passive structures, coupling between coils and between

coils and sensors depends on frequency. An extensive campaign was carried out to get the experimental open loop frequency response

of the system made up by power-supply, coils and sensors at different toroidal locations. “Standard” and poloidal gap regions were

analysed; inductance matrices as a function of frequency were then completed by replicating “standard” terms. A satisfactory

approximation of the coil current response to voltage inputs could be attained building the matrices of a state-space model with values

at zero frequency and considering only the coupling between each coil and the 4 surrounding ones.

On the contrary, due to the presence of the shell, the coupling between coils and sensors exhibited a much stronger dependence on

frequency and position. In order to reproduce the response of the sensors to variations in the coil current input, first transfer functions of

different orders according to the coil-sensor couple had to be calculated to best fit the frequency data. Then a state space realization was

derived which is more suited to the integration in the control system model and numerically better conditioned. A trade-off between

model complexity, i.e high number of states, and resulting accuracy was found in considering up to 12 coupling terms for each sensor.

Beyond reproducing the system open loop response, the model proved capable of determining the stability range in closed loop

operation. In the papers the evaluation procedures are presented along with the validation test results.
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Tore Supra tokamak plays an important role in development and optimisation of steady-state scenarios. Its real-time feedback control

system is a key instrument to improve plasma performances. For this reason, new feedback control schemes have been recently put into

operation and others are being developed. This work deals with the implementation in Tore Supra of these advanced algorithms, reports

the technical details and shows the first positive results that have been achieved. 

For instance, encouraging results have been obtained in the field of profiles control. Controls of the full width at half maximum of the

suprathermal electrons local emission profile at very low loop voltage and of the maximum of the thermal Larmor radius, normalised to

the characteristic length of the electron temperature gradient, have been attained. While the first quantity can be directly associated to

the current profile, the second one characterises the pressure profile. A new feedback control algorithm, employed to maximise a given

quantity by means of a “Search Optimisation” technique, has been effectively tested too: the hard X-ray width has been maximised with

simultaneous use of lower hybrid heating power and wave parallel index as actuators.

These and other promising results, whose detailed description will be given in the article, have been obtained thanks to the real-time

availability of several diagnostic systems. Using a shared memory network as communication layer, they send their measurements to a

central computing unit that, in its turn, dispatches the necessary requirements to the actuators. A key issue is the possibility to integrate

these controls in such a way as to cope with different requests at the same time. As an example, simultaneous control of the plasma

current by means of the lower hybrid heating power, of the loop voltage by means of the poloidal field system and of the hard X-ray

width through the lower hybrid heating phase shift has been successfully accomplished.

The robustness of the Tore Supra real-time feedback control system is another fundamental characteristic as well as the possibility of

exchanging data at different frequencies (from hundredths of Hz to 1 Hz or less), depending on the physical process and on the type of

required control.
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Plasma Facing Components (PFCs) of modern fusion devices are submitted to large heat fluxes. Understanding and preventing

overheating of these components during long pulse discharges is a crucial issue for next step tokamak ITER and future fusion reactors.

Lower heat loads can be achieved by reducing the additional power resulting in a decrease of the plasma performance. So real time

power optimisation is needed. Tore Supra, as a superconductor tokamak with water-cooled PFCs, is perfectly suited to tackle such a

problem.

	A real time infrared thermography diagnostics [1] has been implemented in Tore Supra as part of the CIMES project [2] allowing real

time temperature monitoring of the most sensitive components. While the toroidal pumped limiter has been designed to sustain heat

fluxes of 10 MW/m2 in steady state, the most critical points are ICRH heating antennae and LHCD launch-ers, where hot spots or

overheating of large areas can be observed during high-injected power plasma discharges. The analysis of the heating processes

identified the role of private power, cross interactions between antennas and launchers and formation of loose deposits.

	Using the thermography diagnostics, a new feedback control has been implemented to pre-vent PFCs overheating. Before a shot,

sensitive areas and associated temperature threshold are se-lected on the PFCs and physical interaction process is associated to each

area (private power or cross interaction with other RF heating systems). During the shot, the central plasma controller unit decides

whether the power has to be reduced and which RF heating system the reduction is applied on. RF power reduction is thus limited to

the minimum necessary to preserve PFCs integrity. Thermography feedback control has been successfully used to detect and extinguish

electric arcs on LHCD launchers too.

	The infrared feedback control of PFCs temperature is a protection system, in the sense that it limits efficiently the PFCs temperature

and a suitable tool for optimizing the RF plasma heating keeping the PFCs temperatures within their operational limits. 

[1] D. Guilhem et al. QIRT journal, 2 N°1 p. 77 to 96 (2005)

[2] B. Beaumont et al. Fusion Engineering and Design, 56-57 667-672 (2001)
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The control of the plasma position and shape is a crucial issue in IGNITOR as in every compact, high field, elongated tokamak. The

capability of the Poloidal Field Coil system, as presently designed, to provide an effective vertical stabilization of the plasma has been

investigated using the CREATE_L response model [1]. This linearized MHD model assumes an axisymmetric deformable plasma

described by few global parameters.

An optimization of the vertical position control strategy has been carried out and the most effective coil combination has been selected

to stabilize the plasma while fulfilling engineering constraints on the coils and minimizing the required power and voltage. The two

pairs of coils selected for the vertical control will be fed up with up-down anti-symmetric currents provided by a dedicated supply and

overlapped to the scenario currents. The growth rate of the vertical instability and the power required by the active stabilization system

have been estimated with this model, indicating that it is possible to design a control system able to guarantee a stability region that

includes the most interesting operation conditions.

An assessment of the requirements for the plasma cross section shape control has been carried out considering independent

perturbations of the plasma global parameters as disturbances and showing that the undesired shape modification rejection is possible

with the present PFC and power supply system. The PF coils have been ranked with respect to their capability to restore the shape

modifications due to different plasma disturbances and the most effective coil combination, that  minimizes recovery time and voltage

required, has been selected.

In order to have additional means to monitor and control the centre of the plasma column, under demanding conditions, through the

plasma X-ray emission, appropriate Gas Electron Multiplier detectors are being developed and their capability to reconstruct the plasma

position has been preliminarily investigated.

[1] R. Albanese, F. Villone, “The Linearized CREATE_L Plasma Response Model for the Control of Current, Position and Shape in

Tokamaks”, Nucl. Fus., vol. 38, p. 723 (1998)
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One of the major modifications made to the DIII-D tokamak during the 2005 Long Torus Opening was the rotation of one of the four

two-source neutral beam injection systems. Prior to this modification, all beams injected power with a component in the same direction

as the usual plasma current (“co-injection”). Starting in early 2006, two of the seven beams inject with a component in the opposite

direction (“counter-injection”). This new capability allows, for the first time, a partial decoupling of the injected energy and momentum

during neutral beam heating experiments.

An immediate advantage of mixed co- and counter-injection beams is the capability to control the plasma rotation velocity. High beta

plasmas can now be studied over a wide range of the plasma rotation velocity. The stabilizing effect of rotation on the resistive wall

mode (RWM), for example, can be directly compared to the stabilization achieved by external feedback coils. This is an advantage over

previous techniques to control plasma rotation, such as magnetic braking, which have had only limited success.

We describe development and implementation of a model-based control algorithm for simultaneous regulation of plasma rotation and

beta. The model includes the two relevant plasma states (plasma rotation and stored energy), and describes the dynamic effects of the

relevant actuators on those states. The actuators include the applied beam torque and beam power, which depend on the amount of co-

and counter-injected beams. Implementation of the model-based control within the plasma control system (PCS) [1] requires real-time

measurements of the plasma rotation, obtained from the charge exchange recombination (CER) diagnostic, and stored energy calculated

by the real-time EFIT equilibrium reconstruction. Details of this model and its development, and a comparison with experiment are

reported here. Implementation of a control algorithm based on this model within the PCS is described. We also discuss some initial

results obtained during experiments in which the new beam control algorithm is used to simultaneously control plasma rotation and

stored energy.

[1] B.G. Penaflor, et al, “Current Status of DIII-D Plasma Control System Computer Upgrades,” Fusion Eng. and Design 71 (2004) 47.

..
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The DIII-D experimental program in advanced tokamak (AT) physics requires extremely high performance from the DIII-D plasma

control system (PCS) [1], including simultaneous and highly accurate regulation of plasma shape, stored energy, density, and divertor

characteristics, as well as coordinated suppression of magnetohydrodynamic instabilities. To satisfy these demanding control

requirements, we apply the integrated plasma control method, consisting of construction of physics-based plasma and system response

models, validation of models against operating experiments, design of integrated controllers that operate in concert with one another as

well as with supervisory modules, simulation of control action against off-line and actual machine control platforms, and optimization

through iteration of the design-test loop. The present work describes progress in development of physics models and development and

experimental application of several new model-based plasma controllers on DIII-D.

We discuss experimental use of advanced shape control algorithms containing nonlinear techniques for improving control of steady

state plasmas, model-based controllers for optimal rejection of edge localized mode disturbances during resistive wall mode

stabilization, model-based controllers for neoclassical tearing mode stabilization, including methods for maximizing stabilization

effectiveness with substantial constraints on available power, model-based integrated control of plasma rotation and beta, and initial

experience in development of model-based controllers for advanced tokamak current profile modification.

The experience gained from DIII-D has been applied to the development of control systems for the EAST and KSTAR tokamaks. We

describe the development of the control software, hardware, and model-based control algorithms for these superconducting tokamaks,

with emphasis on relevance of problems and solutions to the superconducting ITER tokamak. We also discuss issues of standardization

of models, software, and model-based control technologies, which are being applied in support of control development at several

experimental devices, and the implications of use of such standardized tools to predictive extrapolation and eventual application to

devices such as ITER.

 [1] B.G.Penaflor, et al., 4th IAEA Tech. Mtg on Control and Data Acq., San Diego, CA (2003).

Work supported by the US Department of Energy under DE-FC02-04ER54698, DE-FG02-ER83657, and De-FG02-92ER54141.
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Over the last 15 years, monitoring and controlling the various DIII-D tokomak systems during a plasma discharge has been largely

dependent upon the DIII-D real-time digital plasma control system (PCS). Approximately 5 years ago, the PCS underwent an extensive

upgrade. The DIII-D staff has used this opportunity to build upon and better the PCS while maintaining its previous functionality. This

paper will discuss alterations and enhancements of the PCS which have been recently developed at DIII-D.

Since the PCS's initial migration onto a networked Linux/Intel cluster, the PCS has more than doubled in the use of real-time central

processing units (CPUs). The increase in the number of real-time nodes has extended the reach of the PCS to incorporate the DIII-D

diagnostics Thomson scattering and charge exchange recombination spectrometry. Additional nodes have also increased, by two fold,

the amount of motional Stark effect data collected and analyzed during a DIII-D discharge. Work is underway that would dedicate

another CPU for control of the electron cyclotron heating launcher. Four more CPUs have doubled the computational resources for the

real-time EFIT. The major development in the PCS real-time EFIT is the planned analysis on a 65x65 grid verses the previous 33x33. 

This has been accomplished by using the dual-processor capabilities of several real-time nodes in combination with a new manner of

parallel processing for the PCS. One notable improvement in PCS performance has been the decrease of feedback cycle times from 50

microseconds down to 10 microseconds for the CPU which handles calculations and I/O of the resistive wall mode. This was achieved

with a major effort in changes to both digitizer firmware and interface software. Improvements in neutral beam (NB) control have also

been performed in response to the rotation of one NB source for counter injection. 

Minor alterations in the PCS (diskless operation and larger real-time data displays) have been performed in response to lessons learned

during operations and at the demand of end-users. The most visible of these is the new real-time boundary display; a cross-section

graphical representation of both DIII-D and the plasma discharge in real-time.

This work supported by the US Department of Energy under DE-FC02-04ER54698.
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The real-time system for plasma control has been used routinely in RFX-mod since commissioning (mid 2005). It is based on a

modular hardware/software infrastructure, currently including 7 VME stations, capable of fulfilling the tight system requirements in

terms of input/output channels (>700 / >250), real-time data flow (>2 Mbyte/s), computation capability (>1 GFLOP/s per station), and

real-time constraints (application cycle times <250 us) [1].

It has permitted reliable and flexible exploitation of the unique features implemented on RFX-mod for MHD mode control and has

contributed substantially to the successful results obtained in the experiment [2].

The high flexibility of the system has stimulated the development of a large number of control schemes with progressively increasing

requests in terms of computation complexity and real-time data flow, demanding, at the same time, strict control on cycle times and

system latency.

Even though careful optimisation of algorithm implementation and real-time data transmission have been performed, allowing to keep

pace, so far, with the increased control requirements, future developments require to evolve the current technology, retaining the basic

architecture and concepts.

Two system enhancements are envisaged in the near future. The 500MHz PowerPC-based Single Board Computer currently in use will

be substituted with the 1GHz version, whereas the real-time communication system will increase in bandwidth from 100Mbit/s to

1Gbit/s. These improvements will surely enhance the overall system performance, even if it is not possible to quantify a priori the exact

performance boost, since other components may limit the performance in the new configuration.

The paper reports in detail on the analysis of the bottlenecks of the current architecture. Based on measurements carried out in

laboratory, it presents the results achieved with the proposed enhancements in terms of real-time data throughput, cycle times and

latency. The paper analyses in detail the effects of the increased computing power on the components of the control system and of the

improved bandwidth in real-time communication.

References

[1] M Cavinato, A. Luchetta, G. Manduchi, G. Marchiori, and C. Taliercio, Distributed Real Time Control in RFX-mod Nuclear Fusion

Experiment: Commissioning and First Results, IEEE Trans. Nucl. Sc., to appear

[2] S. Ortolani, Active MHD Control Experiments in RFX-mod, 33rd EPS Conf. on Plasma Physics, Rome Italy, June 19 – 23 2006
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Fusion reactors need to be operated in steady state to be economically competitive.  In a burn phase, however, the plasma pressure and

heating power are strongly coupled through alpha-particle heating. This strong coupling could easily cause a thermal excursion and

finally trigger a disruption without burn control. Hence, burn control simulation experiments were conducted in ELMy H-mode

plasmas and reversed shear (RS) plasmas with an internal transport barrier (ITB) in JT-60U.

    In a subignition simulation scheme, two NB groups were used, where one simulates alpha-particle heating and the other simulates

external heating. For the alpha-particle heating simulation, the heating power proportional to the DD neutron yield rate was injected

using a real time control system. And the diamagnetically measured stored energy was feedback controlled by external heating to

achieve a quasi-steady state.

    Without burn control both in ELMy H-mode and in RS plasmas, the positive feedback between the neutron yield rate and the heating

power was triggered and eventually the plasma disrupted by reaching a beta limit. With burn control in ELMy H-mode or in RS

plasmas, where the stored energy was controlled to be constant, the positive feedback was not triggered and the neutron yield rate was

kept at a nearly constant value.

    As another burn control actuator, fueling with a multiple pellet injector will be applied to plasmas with improved confinement. The

experimental results are compared with numerical simulation with a 1.5-dimensional time-dependent transport analysis code, TOPICS,

and an orbit following Monte-Carlo code, OFMC, to evaluate beam-thermal reaction rates and to estimate optimal burn control gains.
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A promising solution to the type-I edge localized mode (ELM) ELM power load problem in ITER is ELM pacing via quasi-continuous

injection of cryogenic hydrogen isotope pellets.

The feasibility of this approach was demonstrated on ASDEX Upgrade, culminating in successful, quasi-stationary ELM frequency

control in radiative H-mode edge scenarios. 

However, all these experiments were performed by using an injection system developed for particle fuelling launching pellets from the

magnetic high field side (HFS) with velocities between 240 and 1000 m/s at a repetition rate (60 Hz) in the range of the intrinsic ELM

frequency.

It turned out although those pellets were able to control the ELMs their parameters are adversarial for the task of a suitable control tool.

Such a pellet based ELM pacing system requires injection of small pellets at high repetition rates but low velocities from the magnetic

low field side (LFS) - operational requests absolutely contradictory with a fuelling system.

Consequently, our aim was to design and developed a new pellet injection system optimized as a tool for plasma edge and ELM

control.

The systems pellet source is composed from separated extrusion and storage cryostats. Simultaneous pellet cutting and filling of a gun

barrel is performed by a shuttle mechanics allowing alternating launch along two acceleration lines.  

Acceleration is based on the blower gun principle and capable to combine small pellet sizes, high repetition rates and low pellet

velocities.

Thus, higher pacing rates become possible while unwanted pellet fuelling can be minimized and furthermore the flexibility of

accessible injection geometry is enhanced. 

As a result the new system allows for an enhancement in the tokamak operation as well as for more sophisticated experiments

investigating the underlying physics of the plasma edge instabilities.

We report on the results achieved in the test bed campaign and from first injection events in ASDEX Upgrade. Pellet repetition rates up

to 143 Hz (7 ms cycle time) could be achieved, the launch velocity can be varied in the range from 100 to 300 m/s. By applying an

expansion tank between blower gun exit and guiding tube system most of the propellant gas can be scraped off. Thus, gas blocking in

the tubes and parasitic gas fuelling to the torus is avoided. This way flexibility on injection locations and paths is achieved. In a first

stage pellets are launched from the LFS at two different locations, one with straight and one with tilted injection trajectory
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In 2005 the JET machine entered a new exploitation phase with the MK2-HD (High Delta ) divertor, designed for ITER-relevant high

triangularity and high elongation plasmas. The need to control the plasma boundary in these extreme equilibria with large variations of

plasma parameters motivated the upgrade of the JET Shape Controller into the new fully model-based Extreme Shape Controller (XSC)

[1,2]. An early version of XSC was tested in 2004 [3]; after minor modifications a new version has now been implemented.

In this paper the use of the XSC tools for designing the complete time evolution of a  physics discharge and its experimental validation

will be presented. As test case, a JET Advanced Tokamak scenario at high triangularity [4] has been chosen. This scenario features a)

the early formation of a single-null X-point configuration, b) the use of non-inductive Current Drive tools to tailor the current profile

and c) the application of full power additional heating before the plasma current flat-top has been reached. This complex time

evolution, with large variations of magnetic pressure, b, and internal inductance li, makes this scenario perfect for testing the XSC

capabilities.

Firstly the whole scenario is designed, using the equilibrium codes in the XSC tools suite, evolving from the early low triangularity to a

high triangularity, d ~ 0.4, equilibrium at the current flat-top. Next is the design of the actual controller, i.e. the choice of weights for

the various poloidal field currents and geometric descriptors. In order to facilitate the boundary control different “controllers”, i.e. sets

of gains, have been devised for the low and the high triangularity phases. A closed-loop simulation of the whole scenario is then carried

out using the computed controller and a realistic time evolution of plasma current Ip, b and li. Once a satisfactory closed-loop

simulation is obtained, the controller gains are implemented in XSC and the scenario can be tested experimentally.

Both the design phase and the experimental testing will be reviewed in details, together with a discussion of the implication of the use

of XSC for the scientific exploitation of JET.

[1] F. Sartori et al., Fusion Eng. and Design 74 (2005) 587-591 - [2] R. Albanese et al., Nucl. Fusion 38 (1998) 723-738 - [3] F. Sartori

et al., Proc of 31st EPS Conf. on Contr. Fusion and Plasma Physics, London 2004 - [4] F.G. Rimini et al., Nucl. Fusion 45 (2005)

1481-1492
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The implementation of the new axi-symmetric control system of the plasma shape and position for the RFX-mod machine asks for

effective models of the magnetic structure and power supplies.

So far, only partial models of the Poloidal Field Circuit (power supplies, magnets, passive structures) have been set up, each addressed

to specific problems. On the other hand, the increased flexibility in the operation of RFX-mod and the implementation of sophisticated

digital control systems imply a much larger number of “knobs”, which makes difficult the machine management.

For this reason, the demand of an integrated model of the Poloidal field circuit emerged. 

Aiming at predictive simulation of the plasma magnetic parameters along the discharge, such model shall be designed to simulate the

power supply system, detailing each individual switching unit and the single ac-dc converter with its local control circuit, together with

the magnet system and the complete multi-variable feedback system devoted to the plasma shape and position control. 

The model was realized by coupling a linear model of the axi-symmetric evolution of the plasma with a detailed implementation of the

RFX-mod circuit developed by means of the PSYM Toolbox in the framework of the Matlab-Simulink® package. The linear model is

based on the modified inductance concept and takes into account all the relevant passive conducting structures. In order to evolve the

plasma current, a Bessel Function Model is adopted to implement the energy transfer from the toroidal to the poloidal field and a

Spitzer resistivity was assumed. The axi-symmetric controller is implemented to close the loop and is the same running on the VME

nodes of the real control system.

The model was successfully tested for different plasma setups, showing very good agreement between measured and calculated

waveforms. 

The implementation retains also the same input data format (triggers and reference waveforms) of the actual RFX-mod experiment as

well as the output format, providing the same set of magnetic signals as the real machine diagnostic system. Such structure aims at

using the model as the core of a fully integrated RFX-mod machine simulator.
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In the device of non-circular cross sectional tokamaks, the plasma equilibrium shape has a strong influence on the confinement and

MHD stability. The plasma equilibrium shape is determined by the configuration of the poloidal field (PF) system. Usually there are

many PF systems that could support the specified plasma equilibrium, the differences are the number of coils used, their positions, sizes

and currents. It is necessary to find the optimal choice that meets the engineering constrains, which is often done by a constrained

optimization. The Genetic Algorithms (GAs) based method has been used to solve the problem of the optimization, but the time

complexity limits the algorithms to become widely used. Due to the large search space that the optimization has, it takes several hours

to get a nice result. The inherent parallelism in GAs can be exploited to enhance their search efficiency. In this paper, we introduce a

parallel genetic algorithms (PGAs) based approach which can reduce the computational time. The algorithm has a master-slave

structure, the slave explore the search space separately and return the results to the master. A program is also developed, and it can be

running on any computers which support massage passing interface. Both the algorithm and the program are detailed discussed in the

paper. We also include an application that uses the program to determine the positions and currents of PF coils in EAST. The program

reach the target value within half an hour and yield a speedup rate of 5.21 on 8 CPUs.
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The magnetic vacuum topology reconstruction using the magnetic measurements is essential in controlling and understanding plasmas

produced by fusion machines. In a wide range of the cases, the instruments to approach the problem have been designed for a specific

machine and to solve a specific plasma model. 

Recently a new approach has been used by developing new magnetic software called Felix. The adopted solution in the design allows

the use of the software not only at JET but also at different machines by simply changing a configuration file. A database describing the

tokamak in the magnetic point of view is used to provide different vacuum magnetic models (polynomial, moments, filamentary) that

can be solved by Felix without any recompiling or testing.

In order to reduce the analysis and debugging time the software has been designed with modularity and platform independence in mind.

That results in a large portability and in particular it allows use of the same code both offline and in real-time.

One of the main aspects of the tool is its capability to solve different plasma models of current distribution by changing its

configuration file. In order to improve the plasma magnetic reconstruction in real time a set of models has been run using Felix. An

improved polynomial based model compared with the one presently used and two models using current filaments have been tested and

compared.

The new system has also been improved the calculation of plasma magnetic parameters. Double null configurations smooth transitions,

more accurate gap and strike-point calculations, detailed boundary reconstruction are now systematically available. 

Felix is presently running at JET in different real-time analysis and control systems that need vacuum magnetic topology such as

control of the plasma shape, the wall protection system [1], the magnetic parameters calculation system and the q-profile reconstruction

algorithm.

In this paper a description of the design solution adopted in Felix will be presented. A description of the implemented models and a

comparison of the obtained results will also be reported. 

This work was performed under the European Fusion Development Agreement as part of an Enhancement project and was partly

funded by Euratom and by UK Engineering and Physical Sciences Research Council.

[1] F.Piccolo et al.’Upgrade of the protection system for the first wall at JET in the ITER Be and W tiles prespective’ this conference.
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The Feedback Control System running at FTU has been recently ported from a commercial platform (O.S. LynxOS) to an open-source

GNU/Linux-RTAI platform, obtaining significant performance and cost improvements. Thanks to the new platform, more user friendly

tools can be developed in order to help the designer with new control laws. A relevant goal within this new framework is to provide a

high level environment where new control algorithms can be created then simulated and finally released without minding the code

implementation issues. The ideal situation would be to have a dedicated framework which provides all the necessary phases from the

design to the commissioning of the new software. This framework should simulate the real-time context and make transparent to the

user on the one hand all the issues related to the simulation (e.g. experimental data retrieving) and on the other hand all the aspects

(platform, operating system, programming language, network, hardware...) related to the actual environment where the new algorithm

will be run. 

In this paper we report on recent developments, based on The MathWorks' Simulink and Real Time Workshop (RTW) packages, aimed

at obtaining the above mentioned environment where a new control law can be easily modelled, simulated with the real time constraints

and then translated in the appropriate executable format. Using this tool, the control designer only needs to specify the control law in

the Simulink graphical environment. The arising model is then automatically translated in C code, integrated with control system code

and simulated in real-time using the data from the FTU data base archive. 

All the necessary steps to adapt the RTW scripts and the control system code to the new simulation/validation environment will be

illustrated in this paper. Moreover we will report on some experimental tests where the actual experiment is compared with the

simulations provided by the proposed environment.
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At JET the increase of the additional heating power and the first wall upgrade with a new Be and W tiles in preparation for ITER will

require improving the protection system in order to guarantee the integrity of the wall. An accurate estimation of the power load and the

temperature of the tiles during a discharge will become crucial to prevent damage to the structure. In that perspective the JET protection

system (WALLS) has been substantially improved and is now running at JET. 

The plasma magnetic information and the input power to the plasma are used to evaluate the thermal load all along the first wall. The

evolution of the power distribution and tile temperature during and after a discharge are then calculated by the system. A termination of

the discharge is required if a thermal limit is reached or if a vulnerable area of the vessel is exposed to an excessive level of power. 

An improvement in the results has been obtained using more accurate plasma boundary and magnetic information [1], developing a

detailed physical model (state space) for the heat diffusion for the tiles and having a better estimation of the power deposition and

distribution. The real-time data provided by the bolometry has also been taken into the account in order to evaluate the radiated power.

The calibration and validation of the system have been achieved with a systematic comparison between the implemented models and

the temperatures provided by the thermocouples and the new Infrared Camera. 

In this paper a description of the structure of the system will be briefly summarized. The models adopted to estimate the power

distribution and the thermal diffusion and the comparison with IR camera will be also reported, followed by some experimental

examples. 

This work was performed under European Fusion Development Agreement and partly funded by Euratom and by UK Engineering and

Physical Sciences Research Council.

[1] L.Zabeo et al.’A new approach to the solution of the vacuum magnetic problem in fusion machines’ this conference.
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The aim of this paper is to review the capability of the ITER Poloidal Field (PF) system of controlling the broad range of plasma

configurations presently forecasted during ITER operation. The attention is focused on the axi-symmetric aspects of plasma magnetic

configuration control since they pose the greatest challenges in terms of control power and they have the largest impact on machine

capital cost. The paper is broadly divided in two main sections devoted, respectively, to open loop (feed-forward) and closed loop

(feedback) control. In the first part of the study the PF system is assessed with respect to the initiation, ramp-up, sustained burn,

ramp-down phases of the main plasma inductive scenario. The limiter-to-divertor configuration transition phase is considered in detail

with the aim of assessing the PF capability to form an X-point at the lowest possible current and, therefore, to relax the thermal load on

the limiter surfaces. Moreover, during the sustained burn it is important to control plasmas with a broad range of current density

profiles. In the second part of the study the plasma vertical feedback control requirements are assessed in details, in particular for the

high elongation configurations achievable during the early limiter-to-X point transition phase. Non-rigid plasma displacement models

are used to assess the control system voltage and current requirements of different radial field control circuits obtained, for example, by

connecting the outermost PF coils, some CS coils, coils sub-sections etc. At last, the main 3D effects of the vessel ports are modeled

and their impact of vertical stabilization evaluated.
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Disruptions are an endemic and likely unavoidable aspect of tokamak operation that poses serious problems to the integrity and the

machine lifetime. For that reason in the last 15 years, there have been several studies for disruptions prediction, most of which using

neural networks. 

One of the major drawbacks of this approach is that the network performances normally deteriorate when new plasma configurations

are presented to the network, in particular the number of false alarms increases. A possible improvement can be achieved using Novelty

Detection techniques, reducing in particular false alarms. Recently, such a Novelty Detection system has been implemented to integrate

the disruption predictor proposed for JET. One of the issues to be investigated is that the two systems worked separately and the

novelty detector was only able to capture the information present in the database, but no information on what the network learnt about

that database. In this work, both the prediction and the novelty detector tasks are performed by the same system using a Support Vector

Machine (SVM) instead of a Multi-layer perceptron neural network. A SVM, which is able to find an optimal separating hyper-plane

that maximizes the margin between itself and closest data points, is trained to detect the presence or the absence of disruption

symptoms, in a certain time instant, by means of selected measured plasma diagnostic signals.

In a SVM classifier/predictor the analysis of the distance between input data and support vectors in the feature space gives useful

information about the novelty of an input. Moreover, the analysis of the predictor output, corresponding to new input data, gives useful

information about the reliability of the predictor output, during on-line applications. The aim of this new approach is to demonstrate

how the predictor-novelty detector is able to automatically update itself and if it is possible to improve its performances during lifetime

operations. 

This work will show the performance of this new technique and the effects of the novelty detection on false and missed alarms using a

database starting from 27/10/1999(pulse n. 49141) to nowadays. Not only are considered all classes of disruptions but also we do not

look for any particular behaviour already reported in literature.

This work was performed under the European Fusion Development Agreement.
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The discreteness of the toroidal field coils in tokamaks generates a toroidal stray magnetic field outside a vacuum vessel, as well as

toroidal field ripples inside it. It is shown that the stray field considerably restricts the operational flexibility of superconducting

poloidal field (PF) coils due to the increase of magnetic fields at the positions of PF coils. It is also shown that outer shaping coils are

more vulnerable to these effects than central solenoid coils. As an example of the investigtion, calculation results for the

superconducting KSTAR device are presented and analysed in detail. From the study, it is concluded that the toroidal stray field effects

should be incorporated in the design and operation of poloidal field coils in superconducting tokamak devices.
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Gerhard Raupp(1), Wolfgang Treutterer(1), Vitus Mertens(2), Gregor Neu(1), Adrianus Sips(1), Dieter Zasche(1), Thomas

Zehetbauer(1), ASDEX Upgrade Team(1)

1. Max-Planck-Institut für Plasmaphysik Boltzmannstr. 2 85748 Garching Germany
2. Radiochemistry Research Laboratory, Faculty of Science, Shizuoka University 836 Ohya, Suruga-ku, Shizuoka 422-8529 Shizuoka Japan

ASDEX Upgrade's new real-time discharge control system connects to all coils, heating and fuelling actuators, to protection systems,

and to a large number of real-time diagnostics. It evaluates and monitors many physics quantities and provides an overall plant and

plasma state, to execute coordinated feedback processes, and operate actuators with advanced strategies in high performance plasma

scenarios.

The control system can react to specific plasma and plant states with new control goals, expressed through alternate sets of discharge

schedule references, or through new references computed in real-time. The method provides extreme flexibility to respond with

context-specific control strategies to optimize plasma performance, reduce the criticality of a discharge or minimize machine stress.

This ability gives the control system a key role in ASDEX Upgrade's three-layer protection hierarchy, where the most flexible

protection level is fully computer-based.

We will sketch the control process model´s features to support safety critical applications, such as self-monitoring, automatic alarm

propagation and watchdog monitoring, give an overview of the plant and plasma monitor processes, show how these are mapped to the

protection layers of ASDEX Upgrade, and explain the control system's activities within these.
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One of the priciple features of ASDEX Upgrade's recently commissioned Discharge Control System (DCS) is a shift in paradigm from

a traditional programmed system to a highly flexible „data driven“ one. Several properties, such as the allocation of application

processes (APs) to controllers, the interconnection of APs through named signals, or the basic control cycle time are all defined as data,

allowing to fine-tune the DCS perfomance to the requirements of a particular discharge.

All data required by  the DCS are laid down in a set of XML documents which  APs request via HTTP from a configuration server

before a discharge. The use of XML allows for easy parsing, structural validation through (XSD) schema  and the ad-hoc generation of

documentation, e.g. through XSL transformation to HTML.

From the session leaders' point of view, the central input to the configuration process is the so-called Discharge Schedule (DS), which

contains the reference trajectories that embody the envisaged discharge evolution. The DS is logically subdivided into segments which

correspond to particular scenarios, (e.g. ramp-up, flat-top, slow shutdown, fast shutdown), and which are concatenated through

transition conditions. 

We will present the DP in detail, together with editing, generation and validation tools (both for internal consistency and for

compatibility with plant settings) and show how it is used to drive the behaviour of the ASDEX Upgrade Discharge Control System. 
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At the TEXTOR tokamak a 140 GHz, 800 kW, 10 second gyrotron is employed for studies on ECW heating and ECCD current drive.

One of the applications is the suppression of tearing modes, and at present a method is under development which aims to detect the

ECE perturbations caused by these modes via the same line of sight as is being used to launch the gyrotron power and to use this

information for feedback control of the instability. A considerable advantage of this scheme is that by moving the in-vessel launcher of

the ECW installation, the gyrotron line of sight can be swept poloidally through the plasma. Each time a mode is encountered there will

be exact spatial overlap with the gyrotron deposition profile when the mode is centred around the gyrotron frequency in the observed

ECE spectrum. By applying gyrotron power at the correct time, fast and efficient suppression of the mode should be guaranteed. 

We report on the overall design of the system that aims to detect the perturbations on the ECE temperature profile, locks the steerable

ECRH launcher onto the position of this disturbance and applies the gyrotron power at the correct phase with respect to the period time

of the disturbance.

A brief overview of the steerable launcher and of the ECE receiver in the ECRH transmission line is given. The proposed circuit to

positively identify the island and it's O-point, derived from the phase relation between the ECE signals, is discussed.

In the most basic, but elegant mode of operation, the ECE signals are the only input signals the control system needs in order to find

and suppress the instabilities. To optimise the process, advanced knowledge of the possible location of the islands can be derived from

the q profile of the plasma, and feed forward can be applied in the controller by making use of the frequency at which the islands rotate.
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The efficient and safe operation of large fusion devices relies on accurate knowledge of many of the discharge parameters.

Unfortunately, the values of several discharge parameters, such as plasma shape and current density distribution, are not directly

measured. However, these values can be reconstructed from magnetic field and flux measurements. Equilibrium codes, such as EFIT,

calculate the distributions of flux and toroidal current density over the plasma and surrounding vacuum region that best fit, in a least

square sense, the external magnetic measurements, and that simultaneously satisfy the MHD equilibrium equation (Grad-Shafranov

equation). Once the flux distribution is known, it is possible to reconstruct the plasma boundary for shape control purposes. 

The most general approach to the fitting problem treats all toroidal current sources as unknown values. Thus, in addition to the plasma

toroidal current, the currents in the external poloidal field (PF) coils can be free parameters and, potentially, the induced currents in the

vacuum vessel and support structures can be treated this way as well. There are direct measurements of the external PF coil currents,

but these measurements have uncertainties that can be properly accounted for in the least squares fitting procedure by solving for the

external currents using the measurements as constraints. A similar procedure could be followed for the vessel currents if they were

measurable. Unfortunately, this is not usually the case and vessel currents are often neglected in the fitting procedure.  

The important effect of vessel or structure currents has been recognized in many plasma control applications. Kalman filtering theory is

used in this work to optimally estimate the current in the tokamak vessel. With the ultimate goal of improving the equilibrium

reconstruction for the DIII-D tokamak, the real-time version of the EFIT algorithm is modified to accept the estimated vessel currents.

Furthermore, it will be shown that the integration of Kalman filter estimation into the equilibrium reconstruction algorithm provides a

new way to validate and refine the plasma dynamic model.
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There is consensus in the fusion community that control of the radial profiles of various plasma quantities (current, pressure, rotation,

etc.) will be key to the optimization of burning plasma scenarios. It has been suggested, for instance, that global current profile control,

eventually combined with pressure profile control, can be an effective mechanism for neoclassical tearing mode (NTM) control and

avoidance. It has been also suggested that simultaneous real-time control of the current and pressure profiles could lead to the steady

state sustainment of an internal transport barrier (ITB) and so to a stationary optimized plasma regime. 

A key goal in control of an advanced tokamak (AT) discharge is to maintain safety factor (q) and pressure profiles that are compatible

with both MHD stability at high toroidal beta and a high fraction of the self-generated bootstrap current. This will enable high fusion

gain and noninductive sustainment of 100% of the plasma current for steady-state operation. Active feedback control of the q profile

evolution at DIII-D has been already demonstrated [1]. In this work we report progress towards enabling model-based active control of

the current profile during both plasma current ramp-up and flattop phases. 

Initial results on modeling and simulation of the dynamic evolution of the poloidal flux profile are presented. Dynamic models will

allow the exploitation of recent developments in the field of (nonlinear) control of distributed-parameter systems to solve present

profile control problems in magnetic fusion energy. 

[1] J.R. Ferron, et al., “Control of DIII-D Advanced Tokamak Discharges,” 32nd EPS Conference on Plasma Physics, Tarragona, 27

June – 1 July 2005, ECA vol. 29C, p. 1,069 (2005).
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Three CVD diamond detectors are installed and operated at Joint European Torus, Culham laboratory. Diamond detectors are very

promising detectors to be used in fusion environment due to their radiation hardness, gamma discrimination properties, fast response

and spectroscopy properties. The aim of this work is to test and qualify artificial diamond detectors as neutron counters and

spectrometers on a large fusion device.

Two of these detectors are polycrystalline CVD diamond films of thickness 30 mm and 40 mm respectively while the third detector is a

monocrystalline CVD of 110 mm thickness. 

The first polycrystalline diamond is covered with 4 mm of LiF 95 % enriched in 6Li and enclosed inside a polyethylene moderator cap. 

This detector is used with a standard electronic chain made with a charge preamplifier, shaping amplifier and threshold discriminator. It

is used to measure the time-dependent total neutron yield produced by JET plasma and its signal is compared with JET fission

chambers.

The second polycrystalline diamond is connected with a fast (1 GHz) preamplifier and a threshold discriminator via a long (about 100

m) double screened cable. This detector  is used to detect the 14 MeV neutrons produced by triton burn-up using the reaction 12C

(n,a&#61488;)9Be which occurs in diamond and a proper discriminator threshold. The response of this detector is fast and the

electronic is far from the high radiation environment. Its signal is used in comparison with JET silicon diodes. 

The third monocrystalline diamond is also connected using a standard electronic and is used to demonstrate the feasibility of 14 MeV

neutron spectrometry  at about 3% peak resolution taking advantage of the spectrometer properties of monocrystalline diamonds.

The results obtained are presented in this work.
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ITER will rely on bolometric systems to provide information on the spatial distribution of the radiated power from the main plasma and

in the divertor region. Bolometer arrays will be installed in the equatorial and upper ports, in selected locations on the vacuum vessel,

and on the divertor. Initially, it was supposed to use JET type high-temperature bolometers, which employ a thin mica substrate as the

support for a delicate gold meander electrical resistance bridge network. However, an in-reactor experiment at the Japan Materials

Testing Reactor (JMTR) in Oarai, Japan, revealed that such bolometers may not sustain the expected dose of neutron radiation of 0.02

dpa [Al] due to the both mica instability and the Au–>Hg transmutation. As an alternative, AlN and Al2O3 ceramic substrates have

been proposed. These materials were expected to be stable under radiation and have an advantage of considerably increasing the

temperature limit for continuous use above the 500C recommended for mica. To cope with the transmutation problem, gold was

replaced with platinum.

The paper describes the results of in-reactor test of two prototype bolometers: a Pt/AlN (i.e. Pt meander on AlN substrate) and a

Pt/Al2O3 one. A dedicated vacuum capsule with a hot stainless steel holder for the bolometers was designed and fabricated in order to

allow irradiation in vacuum at 400C using nuclear (gamma) heating. The irradiation was performed at SCK-CEN in BR2, a high flux

materials testing reactor, at a neutron flux 0.001 dpa/day [Al] with a gamma heating ~1 W/g (Al) up to a total fast (E > 0.1 MeV)

neutron fluence of 1.3x10e19 n/cm2 (0.013 dpa [Al]). The temperature of the bolometers during irradiation was in a range 400-500 ºC

and for a short period of several minutes it was above 700 ºC.

In-situ electrical measurements of the Pt meander resistance were performed at the first step of the experiment, corresponding to an

accumulated fast neutron flux of 0.8x10e18 n/cm2. The resistance of the Pt/AlN meander remained unchanged within 0.5 Ohm and for

Pt/Al2O3 increased by 7.5 Ohm. Insulation resistance measurements were performed during the whole experiment and a degradation

was observed. 

Visual PIE (Post Irradiation Examination) was performed in a hot cell and did not reveal any change of either the meander or the

substrate for both bolometers, indicating that Pt/AlN bolometers should sustain radiation loads in excess of 0.01 dpa. Further

experiments to confirm this are underway.
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To reconstruct the shape and position of the plasma boundary of ITER, in-vessel magnetic coils will be employed, which will be

exposed to radiation and temperature gradients.  A study was undertaken to assess their impact on magnetic coil measurements and on

other tokamak diagnostics employing mineral-insulated (MI) signal cables.

Thermally induced electromotive force (TIEMF) voltages in MI cables with Cu, stainless steel (SS) and Ni cores have been measured,

before and after 16 hours’ exposure to 305°C and 720°C.  For the tests a scanning oven was used, establishing a well defined

temperature profile (ranging from 20°C to 305°C).  For fresh Cu core cables a fine structure in the TIEMF voltages was observed with

amplitudes of a few µV; for SS core cables, similar amplitudes were found, but the axial variations are smoother.  The tested Ni core

cables showed slow variations with amplitudes as large as 50µV.  After exposure at 305°C, hardly any change was observed.  For Cu

core cables exposed to 720°C, changes in Seebeck coefficient led to TIEMF voltage changes of the order of 1 µV.  For the SS and Ni

core cables, the changes appeared to be significantly larger.

Next, U-shaped sections of the Cu and SS core cables have been irradiated in the BR2 reactor up to a local thermal neutron fluence of

about 1.5•10E20 n/cm². The cables were guided through a 25 cm long double wall tube to create significant temperature gradients

during the irradiation. 

The amplitudes of the various delayed contributions to the core-to-sheath currents can be attributed to the beta rays from activated Cu

and Mn in the cables and their surroundings.  The prompt current amplitudes depend strongly on the orientation of the rig inside the

irradiation channel.  During the first days of irradiation the prompt component amplitudes showed a drift.  No correlation was observed

between the core-to-core-voltages and the core-to-sheath current asymmetry. 

Important core-to-core voltages were observed, which could be interpreted as due to the Seebeck effect with increasing Seebeck

coefficients during the irradiation.  For the Cu core cable the coefficient was found to increase proportionally to the neutron fluence,

with a proportionality factor of 2.5•10E-21 (µV/°C)/(n/cm²) which could be attributed to thermal neutron induced transmutation.  For

the SS core cable the coefficient saturated at a local fluence of about 10E19 n/cm² and depended on the local temperature during

irradiation.
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An invessel neutron monitor using micro-fission chambers is one of the most important diagnostics to measure the fusion power in

ITER. In the previous work, the micro-fission chamber only for high power operation has been designed. In this work, a micro-fission

chamber bundle is proposed as a higher sensitive detector for low fusion power operations in ITER. The engineering design such as the

nuclear heating and the heat transport analyses have been carried out. In ITER, neutron monitor has to measure the total neutron

emission rate in the range of fusion power from 1 kW to 1 GW with a temporal resolution of 1ms. A single micro fission chamber with

10 mg of U235 to be installed in a gap between a shielding blanket module and a vacuum vessel can cover the range of the fusion

power from 100 kW to 1 GW. For the low fusion power operation, a micro fission chamber bundle consisting of 13 micro fission

chamber units with a diameter of 14 mm and a length of 400 mm has been designed. The micro fission chamber bundle is mounted in

the stainless steel housing, of which thickness is 210 mm and the size is 24 mm in width and 450 mm in length. The assembly can be

installed in the gap between a shielding blanket module and the vacuum vessel with a minor modification of the shielding blanket

module. The total amount of U235 is 750 mg for the micro fission chamber bundle. The estimated dynamic range of the micro fission

chamber bundle is 1kW – 400 kW in fusion power. Micro fission chamber units are connected in parallel to reduce the amount of

cables. Nuclear heating of the micro-fission chamber for high power operations and the micro fission chamber bundle for low power

operation were analyzed by neutron transport calculations. It is found that the gamma heating is 5-6 times larger than neutron heating

and the total nuclear heating rate is ~1.5 x 105 W/m3 for the chamber housing of SS316L at the 500 MW operation. Heat transport

analyses for the micro fission chambers were carried out with a general purpose Finite Element Method code ANSYS 8.1. We assumed

the detector would be cooled by the heat conduction to the vacuum vessel without active cooling system such as a water cooling loop.

The analyses indicated that the detector temperature might be kept less than 250°C by the thermal conduction to the vacuum vessel with

the conduction rate of 100W/m2K or higher. The conduction can be realized by the roughness of the contact surface less than 400 mm.
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The architecture of Data Acquisition system(DAS)for the TOKAMAK SST-1 is essentially distributed and heterogeneous. With the

long discharge duration of about 1000 seconds,that imposes a requirement of sampling data for an equally long duration from the

variety of fast and slow diagnostics, the challenge is also to cater the need of a real time monitoring of signals by multiple locally

networked users. With these objectives, the DAS is based on a model where the objects of the systems are integrated with the Central

Control System of SST-1 using the TCP/IP communication. Communication of each object with the Central Server is facilitated with a

dedicated, 100 Mbps, fully duplex, Ethernet connection. The DAS software essentially meets the demand of an active remote

configuration of hardware digitizers, like PXI system and that of the initialization of acquisition within the local network. 

The present work describes the TCP/IP based DAS software in labview for configuring, acquiring, and subsequently, pushing the

sampled data into network. The focus is also on a client utility for real-time monitoring of SST-1 diagnostics signals by multiple clients

during the discharges. We also describe the model implemented for archival and retrieval of SST-1 diagnostics data using an MDS+

server and the model tree, with its subtrees necessitated by the different SST-1 diagnostics system. In addition to this, viewing the

SST-1 diagnostics signals across the network using Jscope and browsing the signals using Web is also described, along with a matlab

plotting tool for the SST-1 diagnostics data.
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The LABCOM data acquisition system (DAQ) has been operated for the LHD plasma diagnostics in nine years. It has set up a new

world record of acquired data amount of 90 GB/shot in 2006. Its ultra-wideband DAQ based on the CompactPCI digitizers has enabled

about 80 MB/s real-time data acquisition for each plasma measurement. Actually proved bandwidth of 80 MB/s could easily reach the

essential requirement for the next-generation fusion experiments, such as ITER. The basic performance of a DAQ unit has good

prospects toward them, however, the subsidiary utilities are not fully equipped yet.

The increasing number of parallel DAQ units has made the operational and maintaining burden too heavy, and the data migration

procedures between multi-tier distributed storages also need much closer attention. Therefore, “more distributed acquisition and

centralized operations” would be indispensable to cope with both high-efficiency I/O throughputs and much enlarged data volume. In

this study, DAQ front-end that consists of some digitizer chassis and an acquisition computer has been entirely re-designed to realize a

lower-cost and maintenance-free “DAQ Box” for fusion plasma measurements.

To satisfy those necessary conditions, Linux OS and its free drivers for digitizers, such as CAMAC and CompactPCI, have been

adopted. Network-bootable diskless computers are desirable for reducing the possibility of hardware troubles against the bad noise

environment. To wire it adjacently to the digitizer controller could get rid of the cost for electrically isolating uplinks. In addition, it

would involve that the first-tier data storage become extinct, and therefore, could reduce the migration cost and time.

Another functional extension is to cope with multiple sites and experiments, in which remote participation mechanisms and utilities

would be essential. So-called the “DataGrid” network structure, which will be provided by the specific middleware such as Globus

toolkit or ITBL, should be introduced into the LABCOM data system.

These conceptual re-design for the DAQ framework would provide the universal data accessing environments among multiple sites and

experiments. Simultaneously, users could obtain the proper access controlling functionality for data and system security.
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The JET mission is now aimed at developing plasma scenarios and testing technologies for ITER. Recent JET diagnostics upgrades

have been mainly driven by the needs of scenario developments but, in direct support to ITER, several new “burning plasma”

diagnostics and specific materials for radiation hard detectors are being developed.

Diagnostic enhancements, to support ITER scenario development on JET, have concentrated mainly on improved profile determination,

better measurement of the plasma wall interactions as well as real-time control of key plasma parameters. Better diagnosis of the

plasma profiles is attempted with the implementation of a new High Resolution Thomson Scattering (HRTS) system. Improved density

profiles are obtained from an innovative sweeping reflectometer, taking advantage of new low losses corrugated waveguides. Several

upgrades of the existing LIDAR systems and the ECE radiometers have improved the range and quality of these measurements. New,

innovative detectors, like the quartz microbalance and the rotating collector, have been installed inside the vacuum vessel to investigate

erosion and redeposition. A new infrared wide-angle camera is specifically devoted to the study of power loads on the machine first

wall. In addition, the integration of many new diagnostics into the JET real-time control system extends the relevance from the ITER

perspective. Now all the main plasma parameters are routinely available in real time, allowing an ambitious range of feedback

experiments.

JET offers also a unique environment for the development and testing of relevant “burning plasma” diagnostics. New techniques to

measure the slowing down of the fast particles, based on gamma-ray and EUV spectroscopy, have been devised and developed.  A

coherent set of neutron diagnostic upgrades, ranging from neutron counting and calibration to spectrometry was undertaken. Specific

technological developments for ITER on JET include radiation-hard compact detectors for neutron counting and spectrometry and

improved electronics for gamma and neutron detection. These changes bring time resolution, signal-to-noise ratio and a neutron/gamma

discrimination levels into a range suitable for ITER. Testing of a 6LiH neutron filter, with the goal of eliminating the neutron

background from gamma measurements, to yield information on alpha particles, is of direct interest to ITER as is the testing of

radiation-hard hall probes.
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A mainframe computer for data processing system in JT-60U, called by Inter-Shot Processor based on the MSP-OS of FUJITSU GS21

200/M with CMOS technology (MSP-ISP), supervises the communication inside the data processing system, provides the data

acquisition, produces the diagnostic data base and communicates with the JT-60U control system. The MSP-ISP was replaced by the

new Inter-Shot Processor based on the UNIX-OS of FUJITSU PrimePower 450 with four parallel processor of 1.1GHz each

(UNIX-ISP) in 2005 after spending three and more years, using the recent information technology. Because of a difference of OS, the

UNIX-ISP cannot supervise all user jobs and make a priority of the job. Therefore, the role of MSP-ISP was separated to the main

processor of the UNIX-ISP for the supervision of the data processing and its front-end processor for the user’s programs. The

performance of UNIX-ISP is ~10 times as higher as the MSP-ISP at the stand-alone test using the data conversion program of the

CXRS data. It can be expected to improve the processing time by the optimization of the total sequence.

Remote participations to the large fusion facility is considered to be an important issue for the extension of the collaborative research

among the nuclear fusion community. Environments of the remote research which contain the remote experiment, the remote analysis

and the communication with the remote site were developed by “VizGrid” project. The remote experiment system with a high security

is established by the certification and the encrypted communication based on Information Technology Based Laboratory (ITBL). The

remote system can set discharge parameters from the remote site with assistance of the dedicated machine that checking the consistency

of input parameters. The developed system was tested between Univ. of Tokyo and JAEA, and the result indicates that the system using

the HTTP protocol is suitable from the viewpoint of the reduction of the amount of the packet.
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PLUG OF ITER (P1-D-172) 

louis doceul(1), walker chris(2), ingesson christian(3), Ciattaglia emanuela(3), chappuis philippe(1), portafaix christophe(1), 

salasca sophie(4), thomas eric(4), tremblay guillaume(1), bruyere christophe(1)

1. Association Euratom-CEA, DSM, DRFC CEA Cadarache 13108 St Paul Lez Durance France
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3. EFDA CSU-Garching Boltzmannstr. 2 D-85748 Garching bei München Germany
4. Association Euratom CEA, CEA/DSM/DRFC Cadarache 13108 St Paul Lez Durance France

ITER requires an extensive set of diagnostic systems to provide several key functions such as protection of the device, input to plasma

control systems and evaluation of the plasma performance. Most of these diagnostics system are to be integrated in port plugs, which

are water cooled stainless steel structures (approximately: 50t, 2m x 2m x 4m) inserted into the vacuum-vessel ports. The port plug

must perform basic functions such as providing neutron and gamma shielding, supporting the first wall armour and shielding blanket

material, closing the vacuum vessel ports, supporting the diagnostic equipment (within the primary vacuum, on the primary vacuum

boundary and in the port interspace).

CEA (Commissariat à l’Energie Atomique) has contributed  to the engineering activities on the port plugs and has more particularly

focused on the design and diagnostic integration in the representative equatorial port plug EQ01. The specific CEA contributions were

to perform the general engineering, structural and thermal analysis. These detailed analysis have highlighted some design issues which

were worked out through different solutions.

	This paper will contain the description of the engineering activities performed such as:

-	The conceptual design of the EQ01 and the associated diagnostics, such as the visible and  infra red optical diagnostic,

-	The static mechanical calculations, taking into account the electromagnetic loads occurring during fast transient plasma events,

-	The dynamic calculation constituted of modal and transient analysis under the same electromagnetic loads to estimate the dynamic

amplification factor due to the resonance phenomenon,

-	The thermal assessment under the neutronic load of the water-cooled stainless steel structure,

-	The seismic response of the port plug inside the vacuum vessel, taking into account the ground spectra and soil conditions in the

Cadarache site.

This work, supported by the European Communities under the contract of Association between EURATOM/CEA, was carried out

within the framework of the European Fusion Development Agreement [under EFDA Contracts 04-1206 and 05-1343].
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MECHANICAL REALIZATION OF MULTICHANNEL MARTIN PUPLETT

INTERFEROMETER FOR PERPENDICULAR AND OBLIQUE ECE

MEASUREMENTS ON JET (P1-D-212) 

Saul Garavaglia(1), Alessandro Simonetto(1), Carlo Sozzi(1), JET-EFDA Contributors(2)

1. IFP-CNR, Assoc. EURATOM-ENEA-CNR sulla Fusione via Cozzi 53 20125 Milano Italy
2. JET-EFDA Culham Science Centre OX14 3DB Abingdon UK

In the project of the New MWA diagnostic system at JET [1,2], the pre-existing one channel Martin-Puplett interferometer (MPI) for

ECE measurement needed a multichannel extension for oblique ECE, that was only possible with a complete redesign of the collection

optics system. The new instrument [3] is designed to analyze the incoming radiation from standard perpendicular view (two channels,

from two different waveguides or O+X modes from the same one) and from oblique view of the ECE radiation at two different angles

(four channels to measure the mostly-O and mostly-X modes separately) at ~11° and ~23° in the toroidal direction with respect to the

perpendicular to the magnetic field. The new optical scheme [4] needed a totally new mechanical layout of the system. The new

mechanical layout must fulfil several critical constraints. All the six MIPs channels share the existing rotating mirror (helicoidally

shaped, arranged on a wheel with diameter 300 mm) [5], and therefore the nearly 50 optical components must be positioned in a limited

space. Moreover back-reflection on the rotating mirror requires precise alignment in off-normal directions. The polarization must be

precisely controlled as well therefore each optical component (mirrors, beam splitters) requires an accurate machining and a precise

spatial and angular positioning (the tight tolerances were estimated from electromagnetic simulations). The non-modularities have been

concentrated in a small number of pieces (supports, positioners and wedges) and the number of non identical pieces has been

minimized. A rigid layout was chosen for an alignment-free system, given the large number of components to be aligned and to endure

the accidental vibrations undamaged. Most of components are placed on three layers, two perpendicular and one parallel to the axis of

the rotating mirror. The layout of the main frame is therefore made of two optical planes in a “T-shaped” arrangement facing the

rotating mirror. It can be removed without losing the correct alignment from the rotating mirror structure to gain access to the rotary

reflector and the front fixed optics.

This paper deals with the detailed description of the mechanical realization of the system.

References

[1]L.Cupido et al,Fusion Engineering and Design,74(2005)
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[3]C.Sozzi et al,abstract EC-14,2006 

[4]A.Simonetto et al,abstract EC-14,2006 

[5]M.Zerbini et al,HTPD,2004

118



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: D - Diagnostics, Data Acquisition and Remote Participation

ITER diagnostic port plug engineering design analysis in the EU (P1-D-216) 

Emanuela Ciattaglia(1), Christian Ingesson(2), David Campbell(2), Gabriella Saibene(2), Louis Doceul(3), Peter Dirken(4), 

Luigi Petrizzi(5)

1. EFDA CSU-Garching Boltzmannstr. 2 D-85748 Garching bei München Germany
2. EFDA Close Support Unit Boltzmannstr. 2 85748 Garching Germany
3. CEA Cadarache CASI/DTAP 13108 St Paul lez Durance France
4. EURATOM/UKAEA Fusion Association Culham Science Centre OX143DB Abingdon UK
5. ENEA Frascati Via Enrico Fermi 45 00044 Frascati (RM) Italy

A substantial part of the ITER diagnostic systems will be located inside port plugs, sited at the machine equatorial and upper levels. In

2005, the EU has contributed significantly to activities launched within ITER to review and advance the work carried out by the ITER

International Team on the engineering design of the ITER diagnostic port plugs. The work presented in this paper focuses on the

engineering analysis of a representative equatorial port plug, although illustrative results are also presented for a prototypical upper port

plug. 

A series of analyses has been undertaken on the port plug outline design to ensure that the structure satisfies the requirements of the

ITER environment. This includes Finite Element (FE) analyses of static and dynamic behaviour under electromagnetic loads, FE

vibration analysis, FE thermal-structural analysis and nuclear heating and radiation dose studies. 

Outcomes from these analyses and consequent design developments will be discussed, including the results of neutronic and structural

studies. From the former, the main conclusions involve a revision of the stainless steel/water ratio in the plug neutron shielding

modules, bringing the plug overall weight to within the target value of 50t, and the incorporation of improved neutron shielding of the

port duct, which reduces neutron streaming due to the port to plug gap and limits activation of the port seal to a local dose rate after

shut down smaller than 100&#61549;Sv/h. Structural analysis resulted, inter alia, in a modification of the plug top plate arrangement, to

increase torsional stiffness of the structure under disruption loads, and in improved solutions for cooling arrangements. Manufacturing

studies have also been performed, involving the assessment of methods for the production of plug flanges, the analysis of welding

techniques for parts assembly and methods for the introduction of cooling features in plug components. Reference design solutions and

possible modifications will be presented and discussed.

With the enhanced level of preparations for ITER construction, the scope of these activities is expanding to include a considerably more

detailed structural and neutronic analysis. In addition, design studies towards a common upper port plug structure for diagnostic

systems and the electron cyclotron launchers will be undertaken.

This work has been performed within the framework of the European Fusion Development Agreement
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Retro-reflected channels of the Tore Supra FIR interfero-polarimeter for long

pulse plasma operation (P1-D-222) 
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Toulouse(1), Manfred Lipa(1), Andrey Litnovsky(2)
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On  Tore Supra, five far infrared (FIR) retro-reflected channels have been installed to double the existing crossing ones, in order to

increase the spatial resolution of the electron and current density measured by the interfero-polarimeter diagnostic. The electron density

is evaluated by a two colour (119 mm and 195mm) interferometric technique, thus the two wavelengths are superposed when crossing

the plasma. The current is evaluated by a two detector polarimetric technique based on amplitude and phase measures of the 195 mm

beam, which needs a calibration set up. 

The new channel geometries are similar to those of the intended ITER polarimeter and have been designed for long pulse plasma

operation. Inside the tokamak, the beams are reflected on edge cooled copper alloy corner cube mirrors (CC),  designed to endure the

plasma radiations.  During the 2003-2004 TS campaign, a CC prototype and reference plan mirrors had been exposed to plasma. Their

surface appearances show zones of erosion and  others of deposition. Quantitative SIMS deposit analysis estimate the thickness of the

carbon up to 700 nm at the centre of the CC. FIR measurements confirmed that the surface changes were too small to modify the

reflectivity of the mirrors . 

 The transport of the FIR beams is done by plan and spherical mirrors that are fixed in dried air boxes made of an aluminium frame and

honey comb slabs.

 Minimizing the crosstalk produced by the incoming beams and reducing the plasma refraction misalignment effects are key issues for

polarimetry. So, ray tracings through plasma and mirrors have been done to rightly design and position the windows, the detectors and

the separation grids. 

First results of both interferometric and polarimetric reflected channel signals show a good consistency with the crossing ones and

allow resolving more accurately the profiles.
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A NEW PULSE-ORIENTED DIGITAL ACQUISITION SYSTEM FOR NUCLEAR

DETECTORS (P1-D-236) 

Marco Riva
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During the last years an extensive work has been carried out by ENEA to develop a new digital system capable to acquire pulses

(generated, for example, by gamma-rays and neutrons in scintillators) at very high speed (200 MSamples/s) and with high dynamic

range (14-bit). The prototype of a new concept FPGA-based digital acquisition board has been developed and tested in various nuclear

fusion machines and accelerators facilities with neutrons and gamma sources. In addition to the high speed/high dynamic range, a major

feature of the system is the DWDA (Dynamic Windows Data Acquisition) technique:  the system samples the incoming signal only in

presence of a pulse (trespassing a given preset threshold), avoiding to acquire useless data. The new concept is that, in presence of a

new pulse in the current acquisition window, the system increases in real time the window length to host the incoming new pulse. In

this article an architectural description of the system and the main experimental results are presented.
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It is very important to investigate the confinement of &#945; particle which is produced by the nuclear reaction in ITER. In Large

Helical Device (LHD), it is possible to do the simulation experiment of the &#945; particle heating by using the ion cyclotron

resonance heating (ICH) because high-energy particle generated by ICH is well confined in the plasma. High-energy particles including

&#945; particle are emitted not only by the charge exchange but also by the instability on the Alfven eigen mode. Their particles hit the

plasma wall and damage it. Therefore the suitable method for measuring &#945; particle should be established immediately. For this

purpose, the time-of-flight neutral particle analyzer, the silicon surface barrier detector (SD-NPA) and the position sensitive detector

(PSD) are installed in LHD. The neutral particles (mainly hydrogen), which are generated by the charge exchange between the

high-energy ion and the background neutrals, can be observed by using them. However few neutral helium can be observed because

&#945; particle can emit only by double charge exchange process. Therefore we also introduce the pellet charge exchange system

(PCX). The diagnostic pellet is injected to the plasma in order to obtain the charge exchange neutral particle, which is produced by the

charge exchange reaction between the ablated pellet cloud and &#945; particle or high-energetic particle. On the helium plasma in

LHD, the neutral helium can be expected due to the double charge exchange. In this paper, I will mention the 3-dimentional particle

distribution by the combination of their measurements. In experiments, large high-energy flux (hydrogen) can be observed near the

resonance region of ICH by the vertical scanning of the SD-NPA. In similar configuration of the ICH, PCX has been done to obtain the

radial distribution of the high-energy particle. The large flux can be also obtained at the resonance position in the radial direction. PCX

has been done at the different resonance configuration of ICH. However the flux enhancement can not be observed. Through the

experiments, we can make clear the 3-dimentional distribution of the high-energy particle. This means that the establishment of &#945;

particle measurement in ITER has been proceeded. Now we are also trying helium measurement.
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First Results with Laser Induced Break-down Spectroscopy for Co-deposited

Layer Studies at JET (P1-D-242) 

Frederic Le Guern
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In D-T fusion reactors, tritium is trapped in co-deposited layers that result from the sputtering of the surface of plasma facing

components (C, Be, stainless steel) by the  plasma during reactor operation. Re-deposition of the sputtered particles together with

hydrogen, deuterium and tritium takes place on colder areas inside the vacuum vessel. The tritium trapped in this layer could impose

limitations on ITER operation.

Diagnostics based on Optical Emission Spectroscopy (OES) have been implemented to analyse the plasma created during ablation of

material by laser pulses. The results obtained in laboratory conditions on TORE-SUPRA and TEXTOR CFC tiles have shown that it is

possible to discriminate the co-deposited layer from the substrate, to estimate its thickness and to study its composition. This faculty is

due to the fact that the laser plasma optical emission spectrum is composed of lines specific of the layer composition (C, Fe, Cr and H). 

In order to test this technique in relevant TOKAMAK conditions, the edge LIDAR laser (ruby laser: 3J, 300ps pulse duration, 1Hz

repetition rate)  of JET was used to create a plasma on the surface of an inner leg divertor tile. Part of the tile under observation was

equipped with a Tungsten (W) stripe. This is itself covered with a co-deposited layer formed by the plasma interactions after the tile

was installed. Preliminary results have shown that after a few laser shots the optical signal recorded when ablating the co-deposited

layer almost disappeared, indicating that the laser reached the W stripe. Indeed, the laser energy density delivered to the surface is well

below the W ablation threshold and therefore, no plasma is created when the laser interacts with the W surface. These preliminary

indications, obtained from limited experiments at JET, constitute a proof of principle that this technique, when implemented in a

TOKAMAK environment, should allow the evaluation of the thickness of a co-deposited layer formed on a tungsten surface.

Further experiments based on an optimised signal collection system are expected to provide a characterisation of the co-deposited layer

composition.
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Collaborative Technologies for Distributed Science - Fusion Energy and
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The large-scale experiments, needed for fusion energy sciences (FES) and high-energy physics (HEP) research, are staffed by

correspondingly large, geographically dispersed teams. At the same time, theoretical work has come to rely increasingly on complex

numerical simulations developed by distributed teams of scientists and applied mathematicians and run on massively parallel

computers. These trends will only accelerate. Operation of the most powerful accelerator ever built, the Large Hadron Collider at

CERN, will begin next year and will dominate experimental high-energy physics. The fusion program will be increasingly oriented

toward the ITER where even now, a decade before operation begins, a large portion of national programs efforts are organized around

coordinated efforts to develop promising operational scenarios. While both FES and HEP have a significant track record for developing

and exploiting remote collaborations, with such large investments at stake, there is a clear need to improve the integration and reach of

the tools available.

These challenges are being addressed by the creation and deployment of advanced collaborative software and hardware tools. Grid

computing, to provide secure on-demand access to data analysis capabilities and related functions, is being deployed as an alternative to

traditional resource sharing among institutions. Utilizing public-key based security that is recognized worldwide, numerous analysis

and simulation codes are securely available worldwide in a service-oriented approach. Traditional audio teleconferencing is being

augmented by more advanced capabilities including videoconferencing, instant messaging, presentation sharing, applications sharing,

large display walls, and the virtual-presence capabilities of Access Grid and VRVS. With these advances, remote real-time

experimental participation has begun as well as remote seminars, working meetings, and design review meetings. Work continues to

focus on reducing the variety of remote participation methods, on improving interoperability between the different approaches, on ease

of use, and on improved security.

This paper will compare the requirements of FES and HEP, discuss today’s solutions, examine areas where more functionality is

required, and discuss those areas with sufficient overlap in requirements that joint research into collaborative technologies will increase

the benefit to both

Work supported by the US Department of Energy under DE-FC02-01ER25455.
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Plasma tomography of higher resolution (P1-D-282) 
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New microwave tomography scheme for plasma diagnostic is suggested – ray based diffraction tomography, which promises to reach a

resolution, close to a diffraction limit. Besides, this scheme is less sensitive to the amplitude fluctuations as compared with traditional

phase tomography. The method, which was suggested earlier for the ionosphere applications, can be helpful also for revealing of

electron density inhomogeneities in a hot plasma. The algorithm, used for processing, is able to reveal small-scale plasma

inhomogeneities of characteristic length, comparable with microwave wavelength, that is up to 1-3 cm.
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The reflectance of multilayered dielectric mirrors can reach 100% in a preset range of wavelengths. This makes them very attractive to

be used for optical diagnostics in ITER as secondary mirrors. Since diagnostics mirrors in ITER will operate under influence of neutron

fluxes up to 10^12 n/cm2s and temperatures of 150 to 200C, dielectric mirrors should be tested in similar conditions.

Previous investigations have shown that the dielectric mirrors of relatively small size (d25x2 mm) can sustain neutron fluences of

10^19 n/cm2 and temperatures up to 280C if sufficient adhesion of dielectric coating to a substrate is provided. It is assumed that

heating, including radiation induced, plays the main role in damaging mirror coating at least in test conditions. The tendency of

reflectance spectrum of dielectric mirrors to shift its peaks under heating has been also revealed. Taking into account that the actual

diameter of diagnostic mirrors will be about of d100 mm and even more, the thermal tests of dielectric mirrors of similar size had to be

performed.

Several mirrors of d100x10 mm were manufactured by NPO &#8220;Luch&#8221; using standard technology of laser mirrors

production. The multilayered coating of TiO2/SiO2 had been evaporated to substrates of silica glass K-8 and fused silica KU-1. The

reflectance of the samples exceeded 95% in the range of 400-700 nm except few wavelengths at which it was about 90% (negative

peaks in the reflectance spectrum). The samples were heated up to 250C in vacuum oven under air pressure of 10^-3 Pa. The heating

was performed in two regimes. In the first regime, the temperature was constantly about of 250C for 7.5 hours. In the second one, the

temperature were subsequently raised up to 250C and fallen down to 100C  two times during 7 hours.

In both regimes the samples retained their coatings undamaged. The working range was found to be shifted towards long wavelengths.

The reflectance in almost all working range remained the same, except the negative peaks with originally low reflectance. At these

peaks the reflectance reduced down to 80%.

The results show that multilayered dielectric mirrors of large size sustain thermal loads which are supposed to be similar to ITER

conditions. Considering the critical role of heating effects, the dielectric mirrors can be recommended as prototypes for secondary

diagnostic mirrors in ITER.
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The COntrol Data Access and Communication (CODAC) system for ITER is presently under conceptual design, revising the previous

design dating from 1998. The design concentrates on the major perceived challenges: 35-year life of the project for maintenance and

evolution; harmonizing strict access security with world-wide participation in the exploitation of ITER; the complexity of CODAC

which has to control a large number of disparate procurements systems, 24 hours/365 days; the particular “in-kind” procurement of all

Plant Systems. 

The design has so-far concentrated on appropriate methods for combating these challenges. Concepts include: strict application and

enforcement of standards for interfacing procured systems at a high “black-box” level; reliance on standard high performance networks;

reliance on the self-description of the procured systems; maximizing the use of data-driven applications, rather than device-specific

coding.

The interfacing and procurement specifications will be presented, especially the self-description of “black-box” systems, and the

boundaries of CODAC will be defined. The breakdown of CODAC into a number of manageable systems and their interfaces will be

outlined. The data volumes and data rates will be estimated, suggesting an appropriate conceptual design of the various parts of the

CODAC network. 

There are no required CODAC features which could not be provided with today’s tools. However, one element of this conceptual

design is to identify areas where ideal solutions are not clearly available for which appropriate R&D will be proposed.
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Mirrors for diagnostic and remote handling applications in ITER. Problems

with commercial mirrors (P1-D-315) 

Piedad Martin, Teresa Hernandez, Eric R. Hodgson
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High quality mirrors for the optical UV - visible - NIR range will be required in ITER for diagnostic systems and remote handling

applications. The commercially available high quality mirrors being considered for ITER applications consist of a thin evaporated

aluminium layer on a solid glass substrate. To protect the delicate aluminium surface from damage the mirrors are covered (overcoated)

with a controlled layer of transparent protective material (such as SiO and MgF2) of adequate thickness to obtain optimum optical

constructive interference in a given wavelength range.

Radiation enhanced degradation of reflectivity of different commercial mirrors as a function of irradiation temperature and time (dose),

as well as enhanced corrosion in a humid environment are being studied. During this work problems have been encountered with the

as-received commercial mirrors concerning reflectivity and overcoating. Mirrors provided as identical, in the same batch by the

manufacturer, have very different reflectivity in the UV range, implying wide variation in the overcoating thickness and/or refractive

index. Analysis of the surface material has shown varying amounts of SiO and SiO2 for nominally SiO overcoating. In another case the

specified coating (magnesium fluoride) for an UV enhanced mirror was observed by XPS analysis to contain Hf, neither Mg nor F were

found. It will therefore be very important to analyse composition and measure reflectivity for all commercial mirrors before use.

The varying amount of SiO found in the overcoating helps to explain the very different rates of radiation enhanced corrosion of

nominally identical mirrors, those with higher SiO content being more susceptible. To check this, reflectivity changes after gamma

irradiation and corrosion effects have been measured for two types of mirrors made at CIEMAT, one with SiO2, and one with Al2O3

overcoating of Al on Pyrex glass.

*Corresponding author:

P. Martin
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Avenida Complutense, 22

28040 Madrid, Spain

Phone: 34 91 3466770 Fax: 34 91 3466214

E mail: piedad.martin@ciemat.es

128



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: D - Diagnostics, Data Acquisition and Remote Participation

Performance test of dual modulator polarimeters in two different

configurations for magneto-optic measurement of fusion devices (P1-D-331) 
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Accurate measurement of the magnetic field around plasma is indispensable for real-time control and data analysis on magnetic fusion

devices such as tokamaks. Instead of commonly used pick-up loops, which have the problems of zero-point drifts, we proposed and

tested a magneto-optic polarimeter based on the polarization modulation method using two photoelastic modulators (PEMs).

Polarization detection using a pair of PEMs has been applied to the motional Stark effect (MSE) measurements in some tokamaks. The

CO2 laser polarimeter for electron density measurement on JT-60U adopted this method and demonstrated long time stability for

several hours. However, this method requires the same number of pairs of PEMs, which are delicate and expensive, as that of channels

so that this method is not easy to apply to multi-point measurements of magnetic fields around tokamaks. To cope with this problem,

the two PEMs, which are conventionally placed behind each magnetic sensor, are used to modulate the incident beam before split for

each magneto-optic sensor. This configuration can reduce the number of PEMs drastically and the optical system becomes simple. In

this new optical configuration, the polarization angle resolution comparable to the conventional optical configuration of 0.002° with

response time of 10 ms was achieved at an incident polarization angle of about 0° while that at 21° was 0.07°. The resolution of 0.07°

corresponds to 7 gauss when a 40-mm-long ZnSe sensing rod is used. Performance test between the two optical configurations were

also made on the long-time stability and the accuracy with increasing numbers of beam splitters and/or mirrors for multi-point

measurements.
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TIEMF in unirradiated Cu cored MI cables (P1-D-335) 
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Radiation and temperature induced currents and voltages in MI cables, (generally termed RIEMF and TIEMF respectively) have

recently been the object of discussion and study. The present problem is due to the observed generation of a voltage along the centre

conductor of MI cables due to temperature gradients, particularly large for Cu cored cables. This will make it difficult, if not

impossible, to separate radiation and temperature effects from the required signal for the ITER magnetic diagnostic coils in a radiation

field. It has been confirmed that these voltages are generated in well localized regions of the cable, suggesting that some inhomogeneity

is present, however no geometric variations have observed by X-ray imaging of the cable core and sheath. Furthermore no annealing or

modification of the sensitive regions has been observed for heating up to 550 C, indicating that the problem was not related to work

hardening effects in the copper.

Work has now been started to examine in detail the sensitive regions of the Cu cored MI cables. As a first step single strand bare Cu

wire of comparable diameter was examined, and found to produce no such voltages. In addition it had been observed that cables with

stainless steel core material also produced no TIEMF. Sections of the Cu core were extracted from the MI cable, and lengths from the

bare Cu wire, have been prepared and examined by optical and scanning electron microscopy. An important result is the observation of

severe surface damage for the Cu wire extracted from the MI cable, compared with the highly polished surface of the bare Cu wire.

These observations, together with the impurity analysis, and comparison with the stainless steel cable will be presented.
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Electrical and mechanical behaviour of improved platinum on alumina

bolometers (P1-D-364) 
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In-reactor tests at JMTR (Japan) on JET type bolometers using Au meanders on a mica substrate demonstrated that under irradiation

they suffer severe degradation before 0.01 dpa due to transmutation of Au into Hg, meander detachment from the substrate, substrate

swelling, and electrical failure possibly related to the spring loaded contacts. As a result work was undertaken to examine alternative

more radiation resistant substrates, together with the substitution of Au by Pt, as well as the possibility to modify and improve the

electrical connection. Basic prototypes from CIEMAT with sputtered Pt meander sensors on Al2O3 and AlN ceramic substrates,

together with direct electrical wire connections to the meanders were tested during electron and neutron irradiation at CIEMAT and

SCK/CEN Mol. Results up to 0.01 dpa showed acceptable behaviour of both substrates and better radiation resistance response of Pt

compared with Au. However the electrical connection between terminals and meander was again identified as a weak point of the

design. In addition the electrical response of the sputtered metal films was observed to degrade at high temperatures (&#8805; 900C) as

a consequence of the discontinuity of the thin metal film and the formation of Pt islands. Here we report on an improved prototype,

with reduced meander area, enhanced Pt film quality and adhesion, and better electrical connections. An analysis of the quality of the

platinum sensor adhesion and the metal-substrate interface features has been performed to optimise the bonding. The bonding and

hence stability of the meander has been improved by electron beam evaporating firstly an extremely thin layer of titanium as interface

and then the Pt sensor on to a 20 nm roughness polished surface of Al2O3. The thermal stability of the evaporated platinum deposit has

also been studied using an environmental scanning electron microscope during in-situ sample heating After vacuum annealing at 500C,

these new prototype Pt on alumina substrate bolometers were electrically characterized. The electrical resistance as a function of

thermal cycling and radiation dose was registered up to 300C during electron irradiation. Comparison of their electrical and mechanical

behaviour with bolometers made of sputtered metal sensors is also discussed.
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RF Plasma Emitter of Diagnostic Neutral Beam Injector for W7-X Stellarator

(P1-D-367) 

Igor Shikhovtsev, Iosif Averbukh, Alexander Ivanov, Valeriy Mishagin, Alexander Podyminogin

Budker Institute of Nuclear Physics, SBRAS st. Lavrenteva, 11 630090 Novosibirsk Russia

A diagnostic neutral beam injector (DNBI) is being developed in the Budker INP (Novosibirsk, Russia) for the neutral particle

diagnostics in the stellarator W7-X in Greifswald (Germany). The injector ion source is planned to provide a proton beam with a

current of up to 10A, energy up to 65 keV and pulse duration up to 10s. This paper describes the results of the development of the

radio-frequency (RF) plasma emitter of the ion source. The plasma emitter should provide the ion current density about 100mA/cm^2 at

the plane of plasma grid within a circle 20cm in diameter. This version of the plasma emitter appreciably differs from the previous

versions made for the diagnostic injectors of TEXTOR (Germany) [1] and TCV (Switzerland) tokamaks [2]. The plasma box consists

of a driver and plasma expansion chamber. The driver generates plasma inside a ceramic cylinder with the external RF coil. The

expansion chamber is attached to the driver. This chamber has a conic form and is surrounded by permanent magnets for plasma

confinement. The driver produces high density highly ionized plasma diverging inside the expansion chamber connected to the

electrostatic accelerator with four grids. During the plasma expansion its density falls down to the desired value. It allows to reduce

molecular species in the plasma and, accordingly, to obtain high full energy component in the extracted ion beam. 

	This paper presents the experimental results obtained during the plasma emitter testing. Also the first results of experiments with the

extraction of the ion beam are presented. Using a four-grid ion optic system, which permits to extract ion beam current up to 2.4A, the

beam composition was measured by Doppler shift spectroscopy. The measurements were done for the fixed beam energy of 50keV and

beam current variable up to 2.4A. According to the measurements, the full energy beam component is about 80% for the required ion

current density of the plasma emitter.

 

1.Ivanov A.A., Davydenko V.I., Deichuli P.P. et al, Rev. Sci. Instrum., 2000, vol.71, No 10, p.3728-3735.

2.Alexander N. Karpushov et al, Fusion Engineering and Design, 2003, vol. 66-68, p.899-904, Proceedings of 22nd Symposium on

Fusion Technology (Finland, 2002).

132



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: D - Diagnostics, Data Acquisition and Remote Participation

Assembly, installation and commissioning of the JET-EP Halo Current

Sensors system (P1-D-393) 
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Riccardo(2), Piergiorgio Sonato(1)

1. Consorzio RFX - Associazione EURATOM -ENEA sulla fusione Corso Stati Uniti 4 I-35127 Padova Italy
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The Halo Current Sensors (HCS) system has been developed under the JET-EP enhancement programme, to allow a more detailed

study of the Halo Currents flowing in the upper part of the JET vessel. A better understanding of the origin, distribution and scaling of

Halo Currents in tokamaks is one of the critical issues for any next step device, like the ITER project, in particular for the design of the

plasma facing components and for a reliable plasma operation at high performances.

The HCS system includes four sets of probes located in four octants equally spaced along the toroidal coordinate, each containing up to

eight Rogowski coils and two toroidal field pick-up coils. The Rogowski coils are designed to directly measure the current flowing

through the tiles of the upper dump plate, whereas the toroidal field pick-up coils are conceived to give an estimate the total poloidal

Halo Current flowing through the first wall structures.

The HCS system was installed in the JET vacuum vessel in March 2005 during the 2004/05 Shutdown and started the acquisition of

signals during the restart phase of the machine in autumn 2005.

This paper will highlight and discuss the critical aspects and the lessons learned during the final phase of the procurement of the

system; the in-vessel installation, accomplished by means of remote handling system, and the pre-commissioning tests executed on the

system will be described in detail.

The paper will then focus on the analysis and interpretation of the data collected during the functional commissioning of the new

system, carried out during the restart phase of the machine preceding the experimental campaigns.

Since the beginning of operation the HCS signals showed the effects of several noise sources, increased by the low sensitivity of the

probes, due to design geometrical constraints. The expected pick-up of stray magnetic fields was quite easily compensated through a

correlation with other existing magnetic diagnostics. Moreover the HCS signals exhibited anomalous drifts during plasma runs which

can dramatically affect the measurement quality. This phenomenon required a careful analysis of the signals together with the cable

layout and data acquisition circuits. The results of this analysis and the solutions adopted to overcome the problem will be presented.
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Diamagnetic loop measurements in JT-60U with precision analog integrator

(P1-D-399) 

Shunji Tsuji-Iio(1), Naoyuki Oyama(2), Katsuhiko Tsuchiya(2), Toshihiro Oikawa(2), Yuzuru Neyatani(2), Yoichi

Kawamata(2), Kenichi Kurihara(2)
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It is indispensable to evaluate the plasma stored energy accurately in order to investigate energy confinement properties. Although a

method based on plasma diamagnetism has difficulties in attaining satisfactory accuracy, it enable us to directly measure the time

evolution of the stored energy in every shot. Diamagnetic loops were wound inside the vacuum vessel of JT-60U. The vacuum toroidal

flux is compensated by the use of a loop pair with slightly different pick-up areas instead of a Rogowski coil previously adopted for

JT-60. The best set with least errors among four sets of diamagnetic loops has been used for routine diamagnetic measurement. The

main loop (four turns) and the compensation loop (three turns) are located along a vessel connecting ring to be rigid enough to

minimize the variation of the toroidal field coupling. The main and compensating loops are separated by 31±1 mm in the radial

direction. The toroidal fluxes through the main and compensating loops in the case of It = 52.1 KA (Bt = 4.0 T at R = 3.32 m) are ?tm =

96.9 Vs and ?tc = 76.5 Vs, respectively. Differential integration is made with a precision analog circuit with a potentiometer for the

adjustment. Automatic cancellation of input offset voltage is implemented to achieve very low drift. The maximum pulse length of a

discharge in JT-60U was extended from 15 s to 65 s in 2003. The excitation of the toroidal magnetic field coils begins 30 s ahead of

plasma breakdown so that the integration time is longer than 95 s. With increased electrostatic capacity of a cancellation capacitor, the

equivalent input offset voltage is less than 1 ?V even with an input offset voltage higher than 1 mV.

     The stray couplings of the loops with poloidal magnetic fields are removed by digital post-processing. The plasma stored energy is

calculated by surface integrations with a fast boundary identification code which approximates the plasma current as six filaments or a

code based on the Cauchy-condition surface method. The residual error arising from the direct coupling to the plasma current were

determined experimentally by sweeping the plasma column vertically or horizontally during low density discharges and by making

computed plasma stored energy not to be so positionally sensitive nor to be negative in extremely shifted cases. The absolute error in

the diamagnetically measured plasma stored energy [MJ] is estimated to be not more than 0.10_ Ip [MA] by comparison with the

kinetic stored energy.
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ITER Relevant Outgassing and Leakage from Different Types of In-vessel

Cabling. (P1-D-403) 
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On JET there is approximately 8 km of in-vessel cabling serving magnetics and other diagnostics. This is split between two main types,

namely solid metal sleeved mineral insulated cable (MI) and metal braided fibre insulated cable. On ITER the electrical connections to

most in-vessel diagnostics, in particular the magnetic diagnostics, will require cables to be routed through the main vacuum vessel. The

total in-vessel cabling requirement is predicted to be of order 80 Km. Due to the large quantity of cabling, the JET experience shows

that the cabling has the potential to cause issues for the ITER vacuum and hence operability. 

Extensive tests have been performed in the laboratory to assess experimentally the outgassing of different types of MI cable, in both

damaged, undamaged and deliberately perforated conditions. The deliberate perforation of cabling was performed to ascertain if the

postulated prolonged gas supply from damaged cable, in the form of virtual leaks, could be mitigated. The tests have been performed

after exposure to various conditioning environments including ITER fault conditions such as 2 bar steam. These results are

summarised. Key points are concluded for the necessary manufacturing and installation techniques required for MI cable to be used

successfully on ITER.  Assuming these controls it is specifically concluded that damage to cable sleeves would not jeopardise ITER

operations and overall perforation of cables is not beneficial.  

Metal braided fibre insulated cable has been successfully used on JET. Due to the ease in achieving high packing density and tight bend

radii, it is under consideration for some in-vessel applications on ITER. The main disadvantage, over MI cable, is in nuclear heating

due to the difficulty in achieving good thermal contact of the cable with its surroundings. Controls required if this type of cable is to be

used successfully on ITER, are presented. 

Overall this paper shows that there are a number of different cable types which can be  compatible with the ITER vacuum requirements,

but to ensure compatibility then specific controls are needed in manufacturing and testing prior to installation.

This work was funded jointly by the UK Engineering and Physical Sciences Research Council and by Euratom and was carried out

under the European Fusion Development Agreement.
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Real-time lossless data compression techniques for long-pulse operation
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Data logging and data distribution will be two main tasks connected with data handling in ITER. Data logging refers to the recovery

and ultimate storage of all data, independent on the data source. Control data and physics data distribution is related, on the one hand, to

the on-line data broadcasting for immediate data availability for both data analysis and data visualization. On the other hand, delayed

analyses require off-line data access. Due to the large data volume expected, data compression will be mandatory in order to save

storage and bandwidth. On-line data distribution in a long pulse environment requires the use of a deterministic approach to be able to

ensure a proper response time for data availability. However, an essential feature for all the above purposes is to apply compression

techniques that ensure the recovery of the initial signals without spectral distortion when compacted data are expanded (lossless

techniques).

Delta compression methods are independent on the analogue characteristics of waveforms and there exist a variety of implementations

that have been applied to the databases of several fusion devices such as Alcator, JET and TJ-II among others. Delta compression

techniques are carried out in a two step algorithm. The first step consists of a delta calculation, i.e. the computation of the differences

between the digital codes of adjacent signal samples. The resultant deltas are then encoded according to constant- or variable-length bit

allocation. Several encoding forms can be considered for the second step and they have to satisfy a prefix code property. However, and

in order to meet the requirement of on-line data distribution, the encoding forms have to be defined prior to data capture.

This article reviews different lossless data compression techniques based on delta compression. In addition, the concept of cyclic delta

transformation is introduced. Furthermore, comparative results concerning compression rates on different databases (TJ-II and JET) and

computation times for compression/decompression are shown. Finally, the validity and implementation of these techniques for long

pulse operation and real-time requirements is also discussed.
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Developments and radiation mitigation studies for the Laser Mégajoule

(LMJ) facility instrumentation (P1-D-449) 
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The future LMJ – Laser MégaJoule now under construction in France, is designed to demonstrate ignition and even gain of a DT fusion

target. This facility will focus near 2010 up to 1.8 MJ UV laser light energy into a volume of less than 1 cm3 in a few nanoseconds. A

successful DT target will produce 10x the initial laser energy by thermonuclear fusion reactions. The high-energy 14 MeV DT neutrons

emitted (up to 10^19) will interact with all the facility hardware surrounding the target creating secondary energetic gamma rays. In a

few hundreds of nanoseconds the entire facility experimental hall is filled with a mixture of nuclear radiations (DT and downscattered

neutrons, gamma rays). Any instrumentation needed to operate or diagnose the target must be set inside the target chamber hall within

the biological shield (30 m in diameter) and will be submitted to a moderate dose(up to 10 krad) but in a very fast duration (300 ns)

leading to a very high dose rate (up to 10^12 rad(Si)/s).  The design of this future instrumentation (plasma and laser diagnostics, facility

control-command, cables, fiber-optics, …) must take into account the large increase of the generated nuclear radiation field compared

to present laser facilities (Omega, LIL, NEL).  To ensure instrumentation survival, many new studies must be conducted to verify their

performances under the new harsh environmental conditions.  Simulations and experiments conducted at CEA/DAM since 1999 on the

vulnerability of electronic and optoelectronic devices will be presented. Recent results obtained at Omega, the laser facility of the

University of Rochester (USA), for radiation effects on CCD readout, streak tubes, fiber optics and coaxial cables, will be useful for the

design of the instrumentation of the future LMJ. In addition some new mitigation strategies especially developed to overcome these

environmental difficulties for instrumentation design (grounding, shielding, high bandwidth signal transmission, remote imaging

devices, new detector studies, …) will be briefly presented. Synergies with magnetic fusion instrumentation design studies for the next

ITER facility are presently considered (common studies on fiber optics vulnerability) and will need to be enhanced.
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Two neutron camera systems (radial and vertical) are envisaged in ITER for a full scanning of the plasma. The radial neutron camera

(RNC), which should provide information (with a 10% accuracy) on the spatial and energy distribution of the neutron emission,

consists of an ex-vessel system with detectors in 12x3 lines of sights and a fan-like collimator &#61566;400 cm long and an in-vessel

system which accommodates further 9 lines to extend the coverage of the plasma up to &#61554;=0.87 (&#61554;=r/a, a minor radius

of the plasma). This paper summarizes the work, performed in the frame of various EFDA contracts during 2004-2005, on the design

review and upgrade of the radial neutron camera.

A Monte Carlo code (MCNP, version 4C3 and 5) has been used for the neutronic calculations. The basic ITER model has been

developed to include the RNC with all the details relevant for the neutronic analysis. CAD based drawings with position inquiring

software have been used for a reliable modelling. Various collimator diameters have been considered: 1-2 cm and 2-4 cm, respectively,

for the ex-vessel and in-vessel systems. A standard fusion neutron source with a constant 10 keV temperature has been assumed. A

special variance reduction treatment has been developed to force neutrons to score in the far regions in the high collimated neutron

beam, in order to obtain a low statistical error. DD and DT phases in various plasma scenarios have been studied by providing the

MCNP code with a proper probability matrix from which the starting neutrons are sampled. 

Neutron and photon (due to inelastic scattering and radiative capture of neutrons) fluxes and spectra have been calculated.

Approximately, one neutron out of 1011 emitted in all the plasma can reach one of the ex-vessel detectors. Therefore, for an emission

rate of 1.8&#61620;1020 n/s (corresponding to a 500 MW fusion power) the ex-vessel detectors can detect from 1&#61620;108 to

6&#61620;108 neutrons depending on the poloidal orientation. Similar values are obtained for the in-vessel detectors (having shorter

collimator length and larger diameter and pointing to a lower emission plasma zone). The fraction of scattered neutrons (above 0.1

MeV) is in the range 0.1-0.4 % of the total. 

A measurement simulation software tool (MSST) performing asymmetric Abel inversion of simulated measured neutron signals has

also been developed for line of sight optimization. Combining information from MCNP calculations for the DD and DT phases and

from MSST runs, it has been possible to evaluate the performance of the RNC and to check whether the present design of the RNC

meets the measurement requirements. The layout of the lines of sight has been modified based on results from MSST.
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Tomography is one of the promising systems to be used for real-time plasma control. All systems connected to the tokamak ISTTOK

are currently migrating to a real-time, event-driven basis, to allow a flexible plasma control according to physics studies. With this in

mind, a new tomography diagnostic was developed to serve as a secondary input to a multiple input/multiple output (MIMO) controler,

which sends feedback to control the plasma position.

This real-time tomography diagnostic has been developed at CFN and is composed of three 10-pixel arrays located on the top, bottom

and equatorial sides of the tokamak. Each array’s signals are fed to a PCI board that has a FPGA and a DSP for real-time analysis of the

data. All data is carried to one FPGA and is processed using an algorithm based on a fast fitting with minimum squares of Zernicke

polynomials. A tomographic image is created at an expected rate of 125 kHz to pick up ISTTOK MHD activity that is typically around

of 80 kHz. Suitable filters in various wave-lenghts can be used.

The identification of the parameters for real-time control are feed on the ISTTOK event network at a rate of 1ms and used for plasma

equilibrium control.
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A standard for the self-description of fusion plasma diagnostics will be presented, based on the Extensible Markup Language (XML).

The motivation is to maintain and organise the information on all the components of a laboratory experiment, from the hardware to the

access security, to save time and money when problems arises. 

	Since there is no existing standard to organise this kind of information, every Association stores and organises each experiment in

different ways. This can lead to severe problems when the organisation schema is poorly documented or written in national languages.

The exchange of scientists, researchers and engineers between laboratories is a common practice nowadays. Sometimes they have to

install new diagnostics or to update existing ones and frequently they lose a great deal of time trying to understand the currently

installed system. The most common problems are: no documentation available; the person who understands it has left; documentation

written in the national language.

	Standardisation is the key to solving all the problems mentioned. From the commercial information on the diagnostic (component

supplier; component price) to the hardware description (component specifications; drawings) to the operation of the equipment (finite

state machines) through change control (who changed what and when) and internationalisation (information at least in the native

language and in English), a common XML schema will be proposed.

	This paper will also discuss an extension of these ideas to the self-description of ITER plant systems, since the problems will be

identical.
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The radiation pattern is a particularly important quantity in tokamak experiments. On JET it was poorly resolved in space and

magnitude in the divertor region where most required. Now two new bolometric cameras with horizontal and vertical views of the main

plasma cross-section including the divertor region have been installed, providing a substantial upgrade in capabilities: more viewing

chords, higher energy range, higher sensitivity, lower noise and therefore lower detectable signals. Both cameras collect the radiation

along 24 chords, 8 of which in each case pass through the divertor region with 8 cm separation between the chords. In addition, three

new divertor bolometers with 12 lines-of-sight in total, optimised views and other improvements have been installed.

The detectors are miniaturised metal foil detectors, of the same design as those on ASDEX-U: an 0.008mm-thick gold-absorbing layer

on a 0.02mm-thick mica substrate and a gold meander on the rear side with a typical resistance of 1.2kOhm. The measured sensitivity

of the bolometers varies over 3 -5V/W in the absorption range 2.5eV-8keV with a cooling time constant of about 0.2s. A 40Vpp

sinusoidal voltage at 50kHz is applied to each bridge of the bolometer separately and the electronics amplifies the output (up to a factor

of 5000) with a maximum bandwidth of 2kHz. The bolometer system is characterised by a low detection limit (< 0.002mW/cm2) with a

bandwidth of 200Hz.

The bolometers are absolutely calibrated regularly in situ using an electrical technique, which is today a standard calibration procedure.

Uniquely on JET, in order to verify the electrical calibration, the bolometers were optically irradiated with an absolutely calibrated UV

light source coupled with an interference filter at lambda=365nm. In the wavelength range 200-480nm the absorption coefficient of

gold is fairly constant at about 0.62. It was found that for all bolometers the sensitivity measured with the in situ electrical method

matches within 7% the result using the light source calibration. 

Because of the finite detector bounding aperture sizes, the three-dimensional geometrical properties of the detection systems must be

taken into account for two-dimensional tomography. Details of these calculations and the measurements of the detection-system

properties will be presented.

Tomographic reconstructions of high density divertor plasmas will be presented to illustrate the capability of the new diagnostic.
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Each EURATOM association stores data using proprietary schemes, usually developed by the research unit or using third party

software. The temporary exchange of researchers between laboratories is a common practice nowadays. When the researchers returns to

the home laboratory, usually there is the need to continue to follow the work started in the foreign country. The quantity of available

data has also become enormous and the principal data index is changing from the shot number to time and events, where the shot

number is just one of the most relevant.

	To solve these problems a common software layer between end-users and laboratories must exist. The components needed to create

this software abstraction layer, between users and laboratories data, have already been developed using an universal and well known

remote procedure call standard based on XML: XML-RPC.	

	The library allows data retrieving using the same methods for all associations. Users are authenticated through the PAPI system

(http://papi.rediris.es), allowing each organization to use its own authentication schema. 

	Presently there are libraries and server implementations in Java and C++. These libraries have been included and tested in some of the

most common data analysis programs like MatLab and IDL. The system is already being used in ISTTOK/PT and CASTOR/CZ.
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Control of fusion devices requires good, non-ambiguous, easy to use user-interfaces to configure hardware devices. To solve this

problem a highly generic system for data control and acquisition has been developed. Among the main features it allows remote

hardware configuration, shot launching, data sharing between connected users and experiment monitoring.

	The system is fully distributed: the hardware driver nodes, clients and server are completely independent from each other and might be

running in different operating systems and programmed in different languages. All the communication is provided through the

Common Object Request Broker Architecture (CORBA) protocol.

	FireSignal was designed from the beginning to be as independent as possible from any kind of constraints as it's a plugin based system.

Database, data viewers and the security system are some   examples of what can easily be changed and adapted to the target machine’s

needs.

	All hardware is described in eXtendend Markup Language (XML) and from this information the FireSignal client application can build

automatically Graphical User Interfaces (GUI) and validate the user's parameter configuration. Any type of hardware can be integrated

in the system as long as it is described in XML and the respective driver is developed. Any modern programming language can be used

to develop these drivers, and currently we use Python and Java generic drivers.

	All data storage and indexing is time stamped event-based  s. Nodes are responsible for tagging the acquired samples with the absolute

time stamps and to react to machine events.

	FireSignal is currently being used to control the ISTTOK/PT and CASTOR/CZ tokamaks.
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Control of the Plasma-Wall Interaction during transient events will be a critical issue in ITER. There is increasing concern that

disruptions and ELM interactions with the main chamber plasma-facing components in tokamaks could be large enough in ITER to

cause material erosion or melting. This is particularly the case with ITER's planned all-Beryllium first wall. Measurements of heat

fluxes to the wall during transient events are urgently required in today's large tokamaks in order to anticipate likely problems in ITER

A new infrared thermography diagnostic has been designed [1] and installed in JET during the 2004-2005 Shutdown. This system is a

unique ITER-like diagnostic able to provide a wide angle view in the visible and in the infrared range for thermography on the main

chamber and divertor. This diagnostic is essential for the analysis of the power and energy fluxes deposition during transient events and

for safety operation with real time protection during steady state phase. 

The optical components are mainly reflective (aspheric mirrors), being the only kind which can sustain high neutron radiation. The

diagnostic is able to measure temperature with a large dynamic range from room temperature up to a maximum temperature of 3000°C.

The enhanced dynamic range is achieved by using IR camera working in the 3-5 µm range and with a multi-exposure time. Spatial

resolution is about 6mm at a distance of 3m and time resolution of 100µs is achievable by reducing the image size to 128x8 pixels, and

by using a 40 MHz pixel clock. The camera is remotely controlled and data transfer is achieved through optical fibre.

Manufacturing process and tests of the optical components, in particular for the aspheric mirrors, will be presented. Quality control and

testing procedures for the acceptance criteria will be described and the results will be presented. Mock-up of the internal PFC located at

different positions in the JET vessel has been realized and the measurements allowed providing a 3D reconstruction of the infrared

images.

First infrared and visible images, mapping the heat load deposition in the divertor and in the main chamber during steady state and

transient events will be presented. It will be shown that that the new IR diagnostic is an essential tool in the route of characterising

(ELMs, heat flux and power deposition) and developing advanced regime compatible with the constraints imposed by the new wall.

[1]	E. Gauthier et al, Proceeding of EPS 2005.

144



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: D - Diagnostics, Data Acquisition and Remote Participation

Design developments for the ITER in-Vessel equilibrium pick-up Coils and

Halo current Sensors (P1-D-481) 

Giuseppe Chitarin, Luca Grando, Nicola Pomaro, Simone Peruzzo, Cristiano Taccon

Consorzio RFX - Associazione EURATOM -ENEA sulla fusione Corso Stati Uniti 4 I-35127 Padova Italy

The ITER magnetic diagnostics must provide essential information to be used both for plasma diagnostic purposes, and as feedback

signals for the machine control loops. Some of the sensors have to be installed in a hostile environment characterized by severe neutron

irradiation and plasma heat loads, which can reduce the sensor lifetime (due to mechanical and electrical damage) and also generate

undesired DC signals, which might compromise the accuracy of the measurements obtained by time-integration.

The paper is focused on the design development and optimization of a typical in-vessel tangential pick-up Coil. The work is aimed to

achieve the required measurement precision in spite of Radiation Induced Electromotive Force (RIEMF) and Radiation Induced

Thermo-Electric Sensitivity (RITES), which have recently been documented to take place in Mineral Insulated Cables (MIC). To this

purpose, a substantial reduction of the thermal gradient and the maximum temperature due to nuclear heating in the pick-up coils is

considered necessary. Within the limits of several heavy engineering constraints, a new concept of magnetic pick up coil has been

developed. A winding made of a ceramic-coated conductor (instead of a MIC) and "impregnated" with ceramic filler is proposed.

Different material choices for the coil support structure have been investigated. 

Similar issues are related to the Halo Sensor design. The possibility of replacing the circular tubes used as support of the rogowski coils

with a ceramic support in order to avoid the non-linear effect of the magnetic material has also been studied. The replacement of the

MIC of the winding with a ceramic-coated wire is also investigated in order to increase of the effective area of the sensor.

The paper includes also a critical review of each stage of the measurement chain (probes, cabling, conditioning electronics and data

acquisition) in order to assess the compliance with the overall system precision that is required for a reliable reconstruction of the

plasma position. Particular attention is paid to the performance of the integrator in the presence of differential and common mode noise.
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The knowledge of atomic and molecular processes in recombination plasma has become more important for divertor plasma in a fusion

reactor.  Measurements of the relative concentrations of the molecular and atomic ions were carried out in a hydrogen/deuterium

plasma with hydrogen/deuterium gas puff in the linear plasma device, TPD-SheetIV.  An “omegatron” mass-analyzer, situated behind a

small hole of the endplate with the differential pumping system, is used for analyzing ion species. This analyzer yields signals due to

the cyclotron resonances of ion species. The peaks appear in a collector current of the analyzer when a frequency of applied radio

frequency (RF) electric field is equal to the ion cyclotron frequencies. The relative concentrations of the molecular and atomic ions

were determined from the collector current of the mass-analyzer.

This work is part of a program supported by the LHD Joint Project, the National Institute for Fusion Science and is partially supported

by Grant-in-Aid No.16540455 (2004-2005) from the Japan Ministry of Education, Science and Culture.
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A new system of magnetic probes was installed during the 2005 shutdown and was commissioned during the 2005/06 restart phase of

JET. The system has been developed in the framework of the JET enhancement project on Magnetic Diagnostics, which aims to

improve the equilibrium reconstruction and the real time control in JET, by means of 98 new field measurements as well as of new

software tools.

The subsystem presented in the paper includes probes located outside the vessel and it is made of 8 pickup coils, 8 Hall probes and 6

flux loops. The objective of this subsystem is twofold: i) provide experimental data for a better modelling of the iron in the

axisymmetric codes for plasma equilibrium reconstruction; ii) test the reliability of direct field measurements. The new sensors are

located very near to the iron structure, so to provide useful information for the online tuning of the code parameters representing the

iron characteristics.

Direct field measurements from Hall probes are used to correct the drift of the integrators of the pickup coils signals. This feature will

be crucial for future ITER-like devices, where long lasting flat top phases are expected, in a high neutron yield and a high temperature

environment.

After a general overview of the system, the paper describes the major manufacturing and installation issues, including the construction

of the supports and probes as well as the acceptance tests before and after installation.

The functional commissioning of the system, which was successfully concluded during the restart phase, is also illustrated. It includes

the integration of the new signals in the JET CODAS system and the analysis of several discharges with and without plasma. The

critical aspects of the assessment of the reliability of the signals are shown and commented on.
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The tokamak developed in the KSTAR (Korean Superconducting Tokamak Advanced Research) project makes intensive use of

superconducting magnets operated at 4.5K. The cold components of the KSTAR tokamak require forced flow of supercritical helium

for magnets/structure, boiling liquid helium for current leads, and gaseous helium for thermal shields. The cryogenic system will

provide stable operation and full automatic control. A three-pressure helium cycle composed of six turbines has been customed design

for this project. The "design" operating mode results with a system composed of a 9 kW  refrigerator (including safety margin) and

using gas and liquid storages for mass balancing. During Shot/Standby mode, the heat loads are highly time-dependent.  A thermal

damper is used to smooth these variations and will allow stable operation.
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In order to be able to vary the magnetic configuration of WENDELSTEIN 7-X (W7-X) at the plasma edge and allow sweeping of the

power across the divertor target plates 10 „control coils“ are installed inside the plasma vessel behind the baffle plates of the divertor.

The coils are made of a hollow copper profile with eight turns each. The dimensions of the coils are 2,05 m x 0,35 m x 0,35 m with a

three dimensional shape to fit into the narrow space between the baffles and the wall of the plasma vessel.

Each of the ten coils is supplied by independent power supplies each providing bi-directionally a direct current of 2500 A with high

accuracy and low ripple. 

To allow sweeping the power deposition from the plasma across the target plates the power supplies provide an alternating current of

up to 625 A with frequencies up to 20 Hz which is synchronised between the ten supplies in order to maintain the symmetry of the

magnetic field. 

The total output current of a power supply is a superposition of a direct current and an alternating current, where both parts have to be

independently adjustable.

JEMA, Spain provided the complete set of power supplies which are based on 10 independent four-quadrant power supplies with a link

rectifier and includes a cooling water unit, a dedicated distribution and a central control and visualization system. All ten power supply

units and auxiliary systems have meanwhile been installed and finally tested at the W7-X site in Greifswald.

The paper focuses on the results of the final tests and measures to integrate the power supply system to the overall control system

including the central PLC and PC’s for experiment control, data acquisition- and security systems.
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The application of glass-fiber reinforced plastics as insulation materials for fusion magnet coils (e.g. the Toroidal Field Coils of ITER)

requires the full characterization of their mechanical performance under ITER-relevant conditions. One of the methods of testing

material’s response under dynamic load is the tension-tension fatigue procedure. This test can be used to simulate the pulsed

tokamak-operation of the ITER coils over a lifetime of more than 20 years. Furthermore, it provides information on the maximum

tensile or shear stress in the ITER-relevant range of 104-105 cycles. 

In order to simulate the operation conditions of ITER as closely as possible, several fatigue parameters can be set in the test

programme, e.g., the minimum-to-peak stress ratio R and the frequency &#61550; of the sinusoidal load function. Further, the fatigue

process can be run under load or strain control. All of these parameters may influence the mechanical response of the insulation system

under cyclic load. Therefore, it is highly desirable to investigate the influence of test parameter variations on the measured

stress-lifetime diagrams.

The investigations were performed at 77 K using an industrial glass-fiber reinforced composite impregnated with epoxy resin. For both

the load and the strain controlled mode, R-values of 0.3 and 0.5 and a frequency of 10 Hz were chosen. 

The results showed almost no deviations in the lifetime behavior between the load and the strain controlled mode, up to the ITER

specified number of pulses, i.e. 3x104 cycles. Beyond this point, the residual strength levels were lower by 5-30 % under strain control

than under load control. This effect is more pronounced at higher cycle numbers and for lower R-ratios.
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The W7-X machine is a low-shear stellarator of the Wendelstein line, which is being assembled at the IPP Branch Institute of

Greifswald, Germany. The machine features a superconducting magnet system with 50 non-planar and 20 planar magnets operated at

about 6 T and discharged with peak voltage levels up to 6 kV. Following the factory tests, the magnets are delivered to CEA Saclay,

France, for the final acceptance tests at cryogenic condition.  A series of high voltage tests in air and vacuum are part of the final

acceptance test. During these tests the quality of the insulation, especially the hand-wrapped ground insulation in the termination area,

has proven not to be adequate. In order to improve the reliability of the insulation system and detect defects for early repair, high

voltage tests in reduced pressure of air (Paschen-minimum conditions) have been added as part of the factory acceptance procedure.

This has been implemented in the vacuum chambers of BNN/Ansaldo for the test of the 50 non-planar coils, while other tests have been

carried out at CEA/Saclay after cold testing. IPP has also installed a vacuum tank to perform Paschen tests during the preparation of all

the coils for assembly, including also the 20 planar coils which cannot be tested at the manufacturer Tesla. These tests have proven to

be a powerful tool to detect hidden insulation defects and void/cavities in the primary impregnation system, which could not be

detected otherwise with the standard high voltage tests. This paper will summarize the background and experience accumulated in

about 2 years of Paschen tests on the W7-X coils, including a description of the equipment, main results and statistics, weak points

detected and repaired on the coils, and possibilities of improvements in the development and production of the W7-X magnets. The

importance and the need of Paschen tests as part of the acceptance procedure for superconducting magnets to be used in future projects

will also be highlighted.
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The Quench Detection System of W7-X will consist of nearly 400 Quench Detection Units (QDU) for the fast and reliable supervision

of the 70 superconducting coils and the 120 superconducting bus bar sections.

There will be five control racks with about 80 QDU, a data acquisition unit, an AC-DC power supply with integrated DC-UPS unit in

each of the racks and a PC based data management system as an overlay structure. 

Each QDU will have a special analogue input circuit realised as a programmable half bridge front end with different polarity-sensing

and limiting functions for suppressing high dynamic voltages. Special filter design is included for noise-suppression and over voltage

protection. A reconfigurable control/arithmetic unit offers possibilities of future expansions (e.g. all digital evaluation).

The QDU acquires and checks the differential voltages of the superconductors permanently. In case of a quench it triggers the fast

discharge of the coils and the storage of the voltage signals on the memory unit. The quench signals are in the millivolt range and have

to be clearly identified within a noisy and a high-voltage background within a few milliseconds. 

Each QDU transfers the stored signal dates via a high-speed RS-485 serial interface with 20KV optical isolation barrier to the data

acquisition unit, an industrial system. A second optically isolated RS-485-network enables interconnection of each QDU in the control

rack (Compound-Mode of QDU).

The QDU are designed with an internal failsafe, programmable self test and redundancy feature, broken wire check of the quench

detection cables and connectors inside and outside of the cryostat of W7-X.

All QDU will be fed via an UPS supported 24V DC bus through a high voltage isolated DC-DC transformer on each unit.

The design of the QDU allows operation under high voltage levels of up to 8kV and under magnetic stray field levels up to 30mT. The

front end is very well isolated and the outputs of the QDU are strictly separated by optical isolating transformers. The differential inputs

are equipped with 500V short-time over voltage protection.

The presentation will give an overview of the design of the first prototype.
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The W7-X magnet system consists of 50 non-planar coils of five different types and 20 planar coils of two different types. Factory

acceptance tests of the non-planar coils are carried out at the manufacturer site of Babcock-Noell, Germany, and for the planar coils at

Tesla Engineering, UK. They consist of electrical insulation checks, mass flow measurements and leak tests. In the test facility of CEA

Saclay, France, each coil is cooled down to ~6 K and operated at nominal current. At least one coil of each type is quenched by

increasing the inlet temperature. The characteristic parameters of the quench tests (temperature, pressure, speed of normal-conducting

zone, etc.) will be presented. Coils of the same type show a uniform behavior. The occurrences of leaks during cool-down on planar

coils revealed quality problems with aluminum welds and stress corrosion of stainless steel tubes at the soldered connections with

copper heat sinks. AC tests (impulse and impedance tests) were applied to detect short circuits during the fabrication of the winding

packs. High voltage DC tests under vacuum and low gas pressure (Paschen-minimum conditions) revealed electrical insulation defects,

which had not been found using standard high-voltage tests. These were mainly due to voids and cavities present in the winding pack

after vacuum impregnation, insufficient glass-epoxy wrapped insulation and inappropriate design of the Kapton insulated quench

detection cables. The mass flow measurements of the superconductor showed that the deviation between individual double layers of the

coils is within acceptable limits. Two winding packs were given up by the supplier because of a superconductor blockage with resin

and a short circuited winding, respectively. All other quality issues could be resolved by repair or changes in the components. The coil

instrumentation with temperature sensors seems to be adequate. The strain gauges need improvements in temperature compensation and

gluing technique. The displacement transducers used temporarily during the cold tests showed reproducible results but a relatively high

failure rate. In conclusion, the scope of the tests, augmented in due course by new elements as Paschen tests and dedicated AC tests,

allows a very strict quality control. This experience is highly beneficial for the construction of similar components for future

superconducting fusion experiments.
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WENDELSTEIN 7-X (W7-X) is a superconducting helical advanced stellarator which is presently under development and construction

at Max Planck Institut für Plasmaphysik in Greifswald.

The superconducting magnet system consists of 50 non-planar-coils and 20 planar-coils, connected to a 10 meter diameter and 2.5

meter high central support structure. Following the symmetry of the magnetic configuration the central support structure is composed of

five almost equal modules forming a pentagon. Each module is again divided into two half modules.

The construction of each half-module has been designed as a welded construction, the half-modules and the modules being connected

with a high strength stud system. The coils are attached by bolting to a total of 14 extensions blocks welded on each half module.

The extensions are produced by casting (DIN 1.3960), carefully welded to the ring and precisely machined. Cooling tubes are

connected to all extensions and the structure for cooling with liquid helium. The tubes are attached to the steel structures using copper

stripes. The manufacturing of the central support ring has been particularly challenging because the requirements on the positioning of

the extensions are very high and the manufacturing tolerances are very stringent particularly for the mating surfaces of two adjacent

half-modules. The final machining had to be carried out under temperature control and several metrology measurements were

performed at defined machining steps. In some case drilling operations had to be performed in three steps using different tools.

The presentation reports about the design and the machining activities and gives a short description of problems occurred during the

fabrication of the central support ring.
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The superconducting magnet system of the Wendelstein 7-X stellarator produces a magnetic field up to 3 Tesla at the magnetic axis.

The system consists of 5 identical modules each including 10 non-planar and 4 planar coils as well as a 72 degree sector of the central

supporting ring. This modular system allows to design and to study the bus bars for each module independently. The present study

deals with the bus bar supporting system for the module No.5. 

To minimize the stray field in the plasma area the bus routing is basically arranged in a way that bus lines fed with the opposite current

run in parallel and close to each other. The electromagnetic forces occurring in the bus lines are a result of interaction of the bus current

(up to 18 kA) with the external fields produced by magnet system and also with the fields of neighboring buses. 

Main requirements to bus supporting system:

•	It has to provide acceptable levels of stresses in the conductor jacket (aluminum alloy) and conductor insulation.

•	It has to tolerate relative movements of the coils and central ring for different regimes.

•	It has to allow relative shift of the neighboring bus lines due to their temperature difference up to 50 K during cooling down process.

Main elements of the bus supporting system:

•	Supports fixing the buses to the coils and to the central ring. They represent adjustable structures allowing buses’ movement in the

longitudinal direction.

•	Neighboring bus lines are interconnected with special clamps every 250 mm.

The global beam/shell/3D finite element (FE) model of the insulated buses and their supports has been developed for the module No.5.

The paper describes design and test strategy as well as the main analysis results.
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The Toroidal Field (TF) coils of ITER will undergo out-of-plane forces caused by the machine poloidal fields required to maintain the

toroidal stability of the plasma. These forces will be supported against overturning moments by links between the coils. In turn, these

links consist of the Inner Intercoil Structure (IIC), which are composed by 2 sets of 4 poloidal shear keys inserted in slots between

adjacent coils placed at the top and bottom part of the inboard leg, and the Outer Intercoil Structure (OIS) formed by 4 bands of shear

panels at the outboard leg. The magnetic forces during energization of ITER would cause at IIC locations a toroidal gap between

adjacent TF coils of 0.35 mm; during plasma operation this value could reach >1 mm causing a loosening of the keys and intensifying

stress concentrations. This undesired effect will be suppressed by the application of a centripetal force of 70 MN per coil (35 MN at

both the bottom and top part of the inboard leg of each of the 18 TF coils) that will be provided by 2 sets of 3 fibre-glass epoxy

composite rings submitted to a toroidal hoop force of 100 MN per set. The calculated maximum stress in the rings will occur during the

installation phase at room temperature, where the maximum radial elongation (~25 mm) is required, and it will be less than 30% of its

ultimate stress. The imposed elongation to reach that force and the lower Young modulus of the composite compared with the stainless

steel one will ease component tolerances and/or settlement effects in the final assembly.
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The W7-X basic device is presently being assembled at the Greifswald branch of IPP. The specific field configurations of this helical

advanced stellarator are realised by a symmetric arrangement of 50 non-planar and 20 planar superconducting coils. In order to sustain

the large electromagnetic forces and moments, all coils are bolted to a massive coil support structure and supported against each other

by inter-coil support elements. Cooling of superconductor and the casing is provided by supercritical helium. For all coils the same

cable-in-conduit conductor is used. This conductor is formed by a NbTi cable which is co-extruded in an aluminium jacket.

Low-resistive electrical joints connect the conductor layers within a winding package and potential break provide electrical insulation

of the helium pipes. After insulation and vacuum pressure impregnation, the winding packages are embedded in stainless steel casings,

which are then finish-machined and equipped with cooling pipes. During a rapid shut-down of the magnet system the windings may

experience voltages up to several kilovolts. High voltage tests under degraded vacuum conditions (Paschen tests) provide a sensitive

method to detect weak points in the electrical insulation.

Manufacture of the magnets is in a well advanced stage. All winding packages are completed, many of them are integrated in the

casings and several coils have already been delivered for cold testing. These tests are performed in a cryogenic test facility at CEA

Saclay. Tests at nominal operating conditions and quench tests confirmed the electric layout and the specified margin. 

Design changes have been implemented during fabrication due to more detailed structural analyses. Some manufacturing processes had

to be modified and re-qualified to allow repair of weaknesses defects found during tests. 

The presentation will give an overview of the production status of the superconducting coils, the experiences gained during fabrication

of the superconductor, the winding packages, the steel casings and during assembly, as well as of the results of the cryogenic tests.
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Large capacity power supply is required for energizing the magnetic field coil system of nuclear fusion experimental machine in future,

and high efficiency and low operational loss of such power supply are important issues. Especially, for high current operation of large

capacity power supply, the switching power electronics device of AC/DC converter for power supply should be more efficient and have

lower on-state resistance than conventional one. Recently, some advanced power electronics devices have been developed, which are

unipolar power device based on crystallized SiC material or super junction type modified unipolar power device based on crystallized

Si material.

Concerning the efficiency improvement of AC/DC converter, the temperature dependence of electrical characteristics of switching

device is the key issue on operational loss reduction. On-state resistance and allowable operational temperature of switching device are

directly related to the operational loss of AC/DC converter. The former one is the main parameter of conductive loss, which is

dominant one of the operational loss of high current AC/DC converter, and it is effective to reduce the conductive loss for efficiency

improvement. The latter one is related to the cooling capability of cooling equipment, which is a main auxiliary component of large

capacity AC/DC converter. The temperature dependence of on-state resistance of SiC-based or Si-based advanced unipolar power

electronics device will be expected to reduce the conductive loss and to simplify the cooling equipment of AC/DC converter. The

allowable operational temperature of SiC power device is higher than that of Si power device, therefore it is also expected to minimize

the cooling capability. Such electrical characteristics of SiC-based or Si-based advanced unipolar power electronics device will

contribute to reduce the operational loss and to improve the operational efficiency of AC/DC converter.

With the experimental results of measurement for present SiC-based and Si-based advanced unipolar power electronics device, the

effect of their electrical characteristics is mainly discussed on efficiency improvement. And, the temperature dependence of their

electrical characteristics will be also mentioned in comparison with conventional Si-based power device.
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In the framework of the European Fusion Programme, the Forschungszentrum Karlsruhe and the Centre de Recherches en Physique des

Plasmas (CRPP) have successfully developed and tested a 70 kA high-temperature superconductor (HTS) current lead demonstrator.

This binary HTS current lead consists of a conduction-cooled HTS part and a gas-cooled copper heat exchanger. The modular design of

the HTS module is based on twelve HTS panels, forming a 12-fold prism. The results indicated that the use of HTS current leads would

provide considerable savings in the refrigeration operation costs for ITER. In the present work, the optimisation of the cooling

conditions (helium inlet temperature, warm end temperature of the HTS) of a binary HTS current lead with respect to the cooling power

consumption and the required amount of HTS tapes is described. The aspects related to the pulsed operation of the HTS current leads

for the CS and PF coils are also addressed. The maximum tolerable size and distribution of the contact resistance values at the warm

and cold ends of the twelve HTS panels are defined. Based on the test results for the 70 kA HTS current lead demonstrator the

temperature margin and the voltage level for quench detection are determined.
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The Consortium of Babcock Noell in Würzburg (Germany) and Ansaldo Superconduttori in Genoa (Italy) is producing the 50

nonplanar superconducting coils for the W7-X project. 

For the realization of the W7-X coils, especially for the manufacturing of the different components, an international network of

companies is used, among them several SME´s: highly specialized small and medium size enterprises. One of these SME´s, which

surpassed itself, is the Swedish foundry Österby Gjuteri AB which has produced the stainless steel coil casings for W7-X.

The design of the SS casings was changed by the customer after placing the contact. This has caused the question to manufacture the

halfrings with cast segments or as entire castings, which lead finally to the contact with Österby. A lot of effort was necessary to design

the 10 different patterns for the 5 types of casings each consisting of 2 halfrings. The qualification of the SS grade for the high

requirements of the project, among them the low cobalt content or the required mechanical properties at 4K needed some time. 

Further on a lot of investigations about the test procedures were necessary to be applied for the special geometry of the product, for the

3D measurements or the NDT. The conventional x-ray was not completely suitable for this product due to the thickness of the material

in some areas. The main production steps for each halfring will be presented in the paper. The testing includes different NDT, the

material tests at RT and 4K and the 3D measurement. 

The first casing was delivered end of 2001 and the last in autumn 2005 after several unexpected interruptions. All were treated in a

close contact with the customer and in good collaboration between Österby and BNG and have lead to a significant increase of

competence on both sides. 

Several other SME´s are involved in the network for W7-X realization. There are for example: 

- C-CON in Rottenburg and its subcontractors PEM and KUKA in Schwarzenberg for Final Machining and 3D Measurement

- A lot of smaller but difficult tasks are carried out by some special subcontractors across Europe, like Marti Supratec AG and

Alumenziken Industrie AG in Switzerland, Gatex and Lenz in Germany 

The paper will show the special challenges during the manufacturing of the W7-X coils.
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The detailed design of a high-field superconducting dipole magnet, coordinated by the European Fusion Development Agreement

(EFDA) in collaboration with several European Associations, is being finalized, the aim being to make available a new facility to

perform tests of large superconducting conductors in high magnetic fields (B=12.5 T). The main use of the facility shall be to test the

ITER conductors during the manufacturing of the ITER magnets in order to implement the quality control program. The dipole magnet

consists of a pair of identical saddle-shaped coils of rectangular cross section that are layer wound using a Cable In Conduit Conductor

(CICC) made of Nb3Sn strands jacketed inside a high strength, austenitic steel conduit. A circular section iron yoke is used to improve

the field quality and intensity over the bore cross-section. An outer steel cylinder made of austenitic steel encloses the whole dipole

assembly and provides pre-compression at cryogenic temperature due to the differential contraction. Each coil is made of a High Field

(HF) section and a Low Field (LF) section. All conductors carry the same operating current, all turns being in series. The HF grade

differs from the LF grade in the outer dimensions of the superconducting strands, resulting in a different current density between HF

and LF sections. In view of the relative complexity of the system (shape, size and non linearities) to be designed, 2D and 3D Finite

Element Models of the dipole have been built and several electromagnetic and thermo-mechanical analyses have been performed with

the ANSYS code, in order to study, optimize and verify the requirements of the system. The analyses have been carried out by first

computing the magnetic field distribution and the magnetic stored energy due to the imposed current in the superconducting coils. For

this purpose three different numerical formulations have been used and the results compared. The applied loads in the structure have

been then computed (the JxB cross product of the current distribution with the static magnetic fields, the magnetic forces in the iron, the

thermal strains due to thermal contraction) and stresses and deformations derived. Both EM and structural FEMs share the same mesh,

therefore no approximation and/or interpolation is done by transferring loads from one model to the other one. The results obtained

have shown the feasibility of the system with respect to the mechanical design criteria adopted.
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During the previous design phase of ITER the ITER Toroidal Field Model Coil (TFMC) has been built to verify the TF coil concept of

ITER and to proof the feasibility of an industrial fabrication of such a coil. In April 2004, Forschungszentrum and BNG, started a

Manufacturing Study for the full scale Radial Plates (RP) of the TF Coils in the frame of an EFDA task. The main part of the Study was

to develop feasible concepts of the technology for the manufacturing of the Full Scale Radial Plates starting with the raw material until

final testing. The Feasibility Study has covered all manufacturing steps that are necessary for production of the RP. It has included as

well a basic layout for the manufacturing process.

During the work several proposals for the single manufacturing work steps have been developed. After that an evaluation of the found

proposals has taken place. The most feasible proposals have been combined to manufacturing concepts. Finally two main Concepts

were elaborated and evaluated:

Concept 1 includes the premachining of segments with grooves, the welding of the segments and the final machining of the RP. 

Concept 2 includes the welding of not machined small segments to the D-shape of the RP and the following machining of the surface

and grooves.

Both Concepts will be described in detail with a comparison of tooling and manufacturing details, achievement of technological

requirements as well as with the requirements coming from the overall time schedule. Based on the results of the assessment of the

different concepts and manufacturing techniques Concept 1 shows some advantages compared to Concept 2. These will be described in

the paper. In addition a proposal about additional R&D in front of the later manufacturing will be made.
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The toroidal field (TF) coils for ITER are very large components. The main structural component of the coil is the coil case, which

requires a massive complex geometry with high fabrication accuracy to attain the required magnetic performance for plasma operations.

To provide high mechanical strength and toughness at cryogenic temperature, the structural components employ high-strength austenite

stainless steels that have been specially developed for ITER. However, one of the main drawbacks of using those materials is the

difficulty of manufacturing capabilities. 

A manufacturing study has been conducted to examine welding and machining capabilities for JJ1 and ST-SS316LN, to be employed

for TF coil structural components. Both materials include a high nitrogen content up to around 0.2%, which makes welding and

machining difficult compared with  conventional stainless steels.

Electron beam welding conditions were studied for the JJ1 material. The applicable welding condition was found for a bead length of

up to about 300 mm in the case of 40mm thick plates. No optimal condition was found for plates thicker than 40 mm. An additional

experimental study was also conducted to explore suitable welding conditions for different welding positions and directions. It was

found that the appearance of defects depends on the welding positions and directions. A wider range of welding conditions was found

for cases in the vertical upward direction, as opposed to those in the vertical downward and horizontal directions. Based on those

results, a verification test up to 900 mm in length was conducted. The test results showed that vertical upward EB welding should be

used for the coil case wherever possible. With respect to TIG welding, an average deposition rate as high as 26 g/min (i.e. the filler wire

supplying speed of 3,000 mm/min) was achieved. 

A series of tests have been conducted to examine machinability of JJ1 and ST-SS316LN. Various types of milling tools, including face

milling, shoulder cutter, ball end-mill, and T/A end mill, were examined. In the milling tests, without considering tool durability,

high-speed cutting at a rate of more than 100 m/min was possible. However, in practical application, cutting speed is to be lowered to

extend tool life. At a cutting speed of 40 m/min, a tool life of more than 2 hours (in a traveling distance up to 9 m) was attained. The

amount of cutter wear after 30 minutes of operation, at a cutting speed of 40 m/min, was found to be around 0.1 mm, which is still

within an acceptable range.
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To explore high-beta plasma confinement that may enable the advanced fuel fusion, we have constructed a new experiment, Ring Trap

1 (RT-1), which produces a magnetospheric configuration with levitating a superconducting magnet in a vacuum chamber.  A

supersonic flowing plasma is confined by the dipole magnetic field, which simulates Jupiter’s magnetosphere.  The theory of the 

“Double Beltrami Fields” predicts stable confinement of a high-beta (on the order of unity) plasma by the effect of dynamic  pressure

of the supersonic flow [1].  The first experiment using the RT-1 device was performed in January 2006.  We have  succeeded to levitate

the coil and produce a plasma by injecting 8.2GHz microwave (1.5kW).

  The magnet system of the RT-1 device is based on the technology developed in the previous Proto-RT and Mini-RT projects.  The 

Proto-RT was the first magnetospheric device that proved the physical concept of the flowing-plasma confinement [2].  The Mini-RT 

was constructed to develop a superconducting levitated coil system using the Bi-2223 high-Tc conductor [3].  The RT-1 device

employs the same concept, while some essential new technologies have been developed to improve the total performance of the system.

  The major radius of the superconducting ring coil is 25cm. The field strength in the plasma confinement region varies from 0.3 T 

to 0.03 T. The conductor is first cooled to 20K, by helium gas provided by a GM refrigerator, in the maintenance chamber (located at

the bottom of the plasma  chamber), and, then, charged to 0.25MA (the coil consists of 12 pancakes and has a total of 2160 turns). After

detaching the current leads and coolant (He gas) transfer tubes, the ring is moved up to the mid-plane of the 

plasma chamber and is then levitated by a feedback-controlled magnet installed on the top of the device. The weight of the ring 

is 110kg. Three-cord laser sensors measure the position of the levitated ring. We can continue the super-conducting operation for 

7 hours before the coil temperature increases to 30 K. Current decay is less  than 1% after 7 hours.

  We produce plasma by injecting an X-mode microwave (8.2GHz). The maximum power of the Klystron is 100kW (1 sec. pulse

operation). 

The first plasma was obtained with 1.5 kW ECH [4]. The superconductor ring was levitated about 30mm over the lifter. After 

testing the catcher, which can catch the ring in case of an accidental drop, we will operate the device while moving the lifter 

away from the plasma region. 

[1] S.M. Mahajan and Z. Yoshida, Phys. Rev. Lett. 81, 4863 (1998); Z. Yoshida and S.M. Mahajan, Phys. Rev. Lett. 88, 095001

(2002).

[2] H. Saitoh et al., Phys. Rev. Lett. 92, 255005 (2004); H. Saitoh et al., Phys.  Plasmas 11, 3331 (2004).

[3] Y. Ogawa et al., J. Plasma Fusion Res. 79, 643 (2003).

[4] Z. Yoshida et al., Plasma Fusion Res. 1, 008 (2006).
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The ITER superconducting coil system consists of 18 Toroidal Field coils, six Poloidal Field (PF) coils, six Central Solenoid (CS)

modules, 18 Correction Coils and their feeders.  The six PF coils are attached to the TF coil cases through flexible plates or sliding

supports allowing radial displacements. The PF coils and CS modules provide suitable magnetic fields for plasma shaping and position

control. 

The PF coils use NbTi superconductor, cooled by supercritical helium. This gives a substantial cost saving compared to Nb3Sn and the

elimination of a reaction heat treatment greatly simplifies the insulation of such large diameter coils. The cable configuration is 6

sub-cables arranged around a central cooling space. The conductors have a heavy square walled stainless steel jacket.  The latest

parameters of conductor design are evaluated by analysis of the minimum quench energy and hotspot temperature. 

The PF coils are self supporting as regards the radial magnetic loads. The vertical loads on each PF coil are transmitted to the TF coil

cases. Load transmission is through flexible plates for the PF2 to PF5 coils or sliding supports for the PF1 and PF6 coils with fibreslip

bearing surfaces. The supports for the PF winding consist of a set of clamping plates and stud bolts. The shape of the clamping plates

has been designed to minimize stresses in the winding pack insulation. Bolts are pre-tensioned to keep pressure between the winding

pack and clamping plate. 

Because of the difficulties in replacing the PF coils, the most unreliable component (the coil insulation) is designed with extra

redundancy. There are two insulation layers with a thin metal screen in between. By monitoring the voltage of the intermediate screen,

it is possible to detect an incipient short, defined as a short in only one of the two insulation layers. Adjustment of the screen voltage

level may allow the shot growth to the stopped once it is detected.  Alternately the faulty double pancake must be disconnected and

by-passed. This implies that the remaining pancakes are operated at a higher current as the backup mode. Since all PF coils include 8

double pancakes the backup mode involves operation at a current which is 8/7 of the nominal current.  Jumpers are pre-installed on the

coil surface to allow this reconnection with a minimum of works in the cryostat and the conductor is designed with an extra margin.

165



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: E - Magnets and Power Supplies

High voltage investigations for ITER coils (P1-E-163) 

Stefan Fink, W. H. Fietz

Forschungszentrum Karlsruhe, Institute of Technical Physics (ITP) Hermann-von-Helmholtz-Platz 1 76344 Eggenstein-Leopoldshafen
Germany

The superconducting ITER magnets will be excited with high voltage during operation and fast discharge. Because the coils are

complex systems the internal voltage distribution can differ to a large extent from the ideal linear voltage distribution. In case of fast

excitations internal voltages between conductor and radial plate of a TF coil can be even higher than the terminal voltage of 3.5 kV to

ground which appears during a fast discharge without a fault. Hence the determination of the transient voltage distribution is important

for a proper insulation co-ordination and will provide a necessary basis for the verification of the individual insulation design and the

choice of test voltages and waveforms. Especially the extent of internal overvoltages in case of failures, e. g. malfunction of discharge

units and / or arcing is of special interest.

Transient calculations for the ITER TF coil system have been performed for fast discharge and fault scenarios to define test voltages for

ITER TF. The conductor and radial plate insulation of the ITER TF Model Coil were exposed at room temperature to test voltages

derived from the results from these calculations. Breakdown appeared during the highest AC voltage step.

A fault scenario for the TF fast discharge system is presented where one fault triggers a second fault, leading to considerable voltage

stress.

In addition a FEM model of Poloidal Field Coil 3 for the determination of the parameters of a detailed network model is presented in

order to prepare detailed investigations of the transient voltage behaviour of the PF coils.
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The electrical power and energy for ASDEX Upgrade (AUG) is provided by three separate pulsed networks based on flywheel

generators. Major damages at couplings of the shaft of the synchronous generator EZ4 (220 MVA / 600 MWs) were discovered during

a routine check. The damage can only be explained by torsional resonances in the generator shaft which are excited by active power

transients from the converter loads. 

For generator protection, torque sensors were installed near the coupling between the flywheel and the rotor. They cause an early

termination of plasma experiments if a predefined torque level is exceeded. These terminations limited the achievable plasma current

flattop time of AUG significantly.

Since a low natural damping of the torsional resonances was identified as a major cause of the phenomena observed, novel feedback

controlled DC circuits were developed providing electromagnetic damping for the generator shafts in case of excitation. 

Each damping circuit consists of a DC choke, acting as a buffer storage of magnetic energy, fed by a thyristor converter. The current

reference for the converter is derived from the torque sensor signals. This enables the choke current to alternate with the measured

natural frequency of the shaft assembly. Thus, with proper phasing, torsional resonances in generator shaft systems weighing more than

100 tons can be damped with little additional power.

Since April 2003, the damping circuits have been routinely operated during all plasma experiments. Despite the low damping power

used, torsional resonances could be reduced to a value that avoids a trip signal from the torque sensors. 

This paper describes the results from analysing, designing and testing of the feedback controlled buffer storage of magnetic energy,

representing an effective and low cost solution for damping torsional resonances in electric power systems. It will present the layout,

analyse the results of measurements obtained during commissioning and operation, compare them to the calculated (design) values and

report on the experience on the AUG pulsed network improving the performance of plasma discharges and the safety of the equipment.
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Practical superconducting cables used in large-scale applications (e.g. magnets for fusion reactor) consist in superconducting filaments

embedded in a normal-conducting matrix. The common technique to reduce the eddy-current losses is to twist the wire and the

filaments during the manufacture. This also reduces the time-independent proximity effect between the filaments and its associated

loss. Currently, the only method for measuring the twist-pitch consists in evidencing the twisted structure by etching techniques. This

method has two main drawbacks: it is destructive and does not permit the visualization of the Nb3Sn filaments. Here we demonstrate

that X-ray micro-tomography overcome these drawbacks and permit a 3D non-destructive quantitative visualization of the

multi-filamentary wire. This enables the determination of the number of inter-filament contacts on unite lengths. By post-processing the

reconstructed volume data - nonlinear anisotropic diffusion filtering, intensity-based segmentation, contour filtering - one can derive an

improved 3D model of the multi-filamentary structure. This model is used in the determination of the twist-pitch parameter by a

method based on the monitoring the displacement of the centroid of each filament, while navigating inside the superconducting wire. 

The examination and analysis methods reported in this paper are validated by experimental results for Nb3Sn multi-filamentary wires

for ITER. The high-resolution X-ray micro-tomography facility constructed at the Association EURATOM-MEdC (Romania), with

European Community support, was used for the examination of the superconducting samples.  The setup of the experiments enabled us

to reach a fine spatial resolution of only few microns per image voxel. The results provided by the tomographic examination can be

used to develop a more complex model of the multi-filamentary superconducting wire in order to explain the role of the internal wire

structure on the superconducting transport properties and to optimize the fabrication process in terms of the hysteresis losses, critical

current and the Cu/non-Cu ratio.
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In the framework on EFDA task, CEA is carrying out an analysis of the various ITER cryoplant operational modes. 

According to the Project Integration Document, ITER is designed to be operated 24 hours/day, 365 days per year in order to optimize

the available time of the Tokamak. It is anticipated that operations will be carried out in long periods separated by maintenance periods

(e.g. 10 days continuous operation and 1 week break) with annual or bi-annual major shutdown periods of a few months for

maintenance, further installation and commissioning. For this operation schedule, auxiliary subsystems like the cryoplant and the

cryodistribution have to cope with the heat loads variations which depend on the ITER operating states. The cryoplant consists of four

identical 4.5 K refrigerators and two 80 K GHe loops coupled with two LN2 modules. All of these cryogenic subsystems have to

operate in parallel to remove the variable heat loads from the magnet, 80 K shields and other small users.

After a brief recall of the main particularities of a cryogenic system operating in a Tokamak environment, the first part of this study is

dedicated to the assessment of the main ITER operation states with the present cryogenic Process Flow Diagram (PFD). Taking into

account the heat loads related to the magnet system and the cryopump system, the relevant normal operating scenarios are checked for

the typical ITER operating states like Plasma Operation State, Short Term Stand by, Short Term Maintenance, or Test and Conditioning

State.

The second part of the paper is dedicated to the abnormal operating modes in order to assess the present design of the cryogenic system.

This analysis distinguishes the abnormal modes coming from the magnet system from those generated by the cryoplant itself. The

occurrence of a fast discharge or a quench of the magnet system generates large heat loads disturbances on the cryodistribution system

and produces exceptional high mass flow rates which have to be managed by the cryoplant, while a failure of a cryogenic component

induces a major disturbance on the magnet system.

Thanks to this analysis, modifications of the architecture of the present PFD are proposed to make match the technical specifications of

the cryogenic system with the ITER operation requirements. In addition, this study proposes a new design of the HTS current leads

refrigeration loop and a cryodistribution system which is coherent with the cryopumps operations.
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There are 18 ITER Toroidal Field (TF) Coils. Unlike the other ITER coils, these coils are structurally linked. These links consist of

friction between the coil legs in the central vault formed by the inner straight legs of the coils, four outer inter-coil structures (OIS) and

one inner inter-coil structure (IIS). The OIS consists essentially of bands around all 18 coils to provide shear support by forming shear

panels with the coil case, and the IIS consists of poloidal circular keys placed directly between the coil cases. Global analysis of the

'perfect' coil shape has shown high stresses in the IIS, in the poloidal keyways. Optimization has successfully reduced these stresses to

acceptable values as regards the expected fatigue resistance. However it is necessary to confirm that the stresses are still acceptable

when realistic values of geometry variations are included (i.e. the effect of coil and case tolerances). Because of the extensive

mechanical links between coils the poloidal key stresses can also be affected by tolerances elsewhere in the case. As the first step in

assessment of the possible variations in stresses, a substructure technique is being used to develop a local model of the key region. The

result of geometry variations between individual coils is a loss in the 18 fold symmetry used to simplify previous analyses. With the

new and optimized model it should be possible to relax the 18-fold symmetry, but a full analysis of all 18 coils is still not possible.

Systematic ways of representing the tolerance variation in the finite element model have been developed so that parametric studies can

be undertaken without a full reconstruction of the model.
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In the framework of cooperation with the Max-Planck-Institute for plasma physics (IPP) essential work packages of the

superconducting stellarator Wendelstein 7-X (which is presently under construction at Greifswald, Germany) have been taken over by

the Forschungszentrum Jülich (FZJ). One of these packages is the design, construction, qualification, manufacturing and assembly of

the superconducting three-dimensional bussystem and its appropriate supports. An overall concept of the project was elaborated with

the goal to optimize manufacturing steps, to simplify the system assembly and to provide easy transportation. 

In order to compensate the magnetic stray fields generated by the bus currents and to facilitate the bus assembly, a suitable bus

topology was developed.  For checking the geometry of the bent buses and to examine the buses assembly a 1:1 model of one W7-X

section (72°) has been built. An insulation set up was developed and different samples have been fabricated. For qualification the

insulation was examined as follows:

-	high voltage insulation checks including measurements of the Paschen firmness,

-	thermal tests  and mechanical bending under cryo-temperatures at 77 K, 

-	leakage and high pressure tests to simulate quench situations and

-	vacuum compatibilities of the materials and methods used.

The design will be shown, calculation of magnetic fields and forces are presented. For series production of the 121 buses a production

line has been installed. The fabrication process and its main appropriate steps will be presented:

1.	Straightening of the superconductor on a rolling machine 

2.	Rounding on a special turning lathe, required to facilitate 3-dimensional bending

3.	Bending on a 3-D-bending machine

4.	Checking of geometry on the 1:1 model

5.	Electrical insulation and conductive lacquer coat applied by hand 

6.	Vacuum and high voltage test at several pressure steps (Paschen test) inside bellow tube

7.	Transportation in bundle of 6 buses to Greifswald
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The superconducting magnet system of the WENDELSTEIN 7-X experiment consists of 50 non-planar and 20 planar coils. Coils are

connected by 121 bus bars that are arranged in series of seven groups each for ten coils. The electrical and hydraulical interconnections

of the bus bars will be provided by means of 184 joints each with the required resistance of less than 5 n&#61527;. The joint structure

should withstand the internal pressure due to the quench event. For possible joint replacement and repair after installation the joints

have to be designed as demountable structures.

Based on a conceptual design for the internal pressure of 30 bar and for the current of 18 kA the disconnectable joints have been

redesigned for the pressure of 255 bar and the current of 20 kA.

The joints have been laid out and have to be manufactured in FZ Juelich. 

The joint casing consists of two main structural parts screwed together and welded afterwards. Due to internal pressure the significant

shear load is taken by the thread connection. The weld seam provides vacuum tightness. To make the structure demountable the welded

portions of the structure (lips) can be cut off up to 3 times for parts separation. 

A 3D Finite Element model is used for the stress analysis of the joint casing under internal pressure of 255 bar due to quench.

Prototypes have been manufactured and withstood several thermal cycles between the room temperature and 77 K. Pressure tests at 200

bar and Helium leakage tests at 36 bar have also been performed.
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Equipos Nucleares S.A. (hereinafter referred to as ENSA) as a Contractor in the Wendelstein 7-X Stellarator project, nowadays being

erected at the Max Planck Institut in Greifswald, is currently manufacturing the Coil Support Structure (CSS), which is a stainless steel

ring-shaped structure formed by five equal sectors (modules), each of them made up from 2 symmetric half-modules. Both, modules

and half-modules are joined together by way of bolts and super-bolts. Special assembly pins keep two half-module in their right

position to form a module every time it needs to be disassembled. This CSS works as the central support of both planar and non-planar

coils of the Stellarator and hence is part of the Magnet system. Those coils are bolted to the CSS by means of one hundred and forty

casted extension legs welded to the structure, each coil bolted to a couple of legs. In order to achieve an exact location of the coils in

reference to the centre of the experiment, those legs have severe tolerances to be reached during the welding of the extensions and

moreover afterwards an accurate machining is necessary to obtain the holes on a precise position so that the bolts will fit perfectly

between the coils and the CSS.

Besides, the complicate shape of the CSS allows the ports to pass through the structure and reach their place into the vacuum vessel.

Furthermore, all the structure is cooled down by way of a cooling system based on a copper coated stainless steel long tube going

through the entire structure which it is attached to it via copper strips. Liquid helium at 4 K will circulate throughout this cooling

system to refrigerate the entire structure so that the heat doesn’t pass from the CSS to the coils and then maintain the mechanical

properties as well as the superconductive behaviour.

On top of all this, temperature and stresses on the materials will be controlled at several locations on each half-module by means of

advanced temperature sensors and strain gauges glued to the structure.

ENSA collaborates both in the design and the manufacturing of the CSS with the highest and newest technologies such as 3D CAD

systems, laser trackers for dimensional controls, tools, machines, non destructives tests, etc.
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Due to a number of causes (the finite number of toroidal field coils or the presence of concentrate blocks of magnetic materials, as the

neutral beam shielding) the actual magnetic configuration in a Tokamak differs from the desired one. For example, a ripple is added to

the ideal axisymmetric toroidal field, impacting the equilibrium and stability of the plasma column; as a further example the magnetic

field out of plasma affects the operation of a number of critical components, included the diagnostic system and the neutral beam.

Therefore the actual magnetic field has to be suitably calculated and his shape controlled within the required limits.

Due to the complexity of its design, the problem is quite critical for the ITER project. 

In this paper the problem is discussed both from mathematical and numerical point of view. 

In particular, a complete formulation is proposed, taking into account both the presence of the non linear magnetic materials and the

fully 3D geometry. 

Then the quality level requirements are discussed, included the accuracy of calculations and the spatial resolution. As a consequence,

the numerical tools able to fulfil the quality needs while requiring reasonable computer burden are considered. In particular possible

tools based on numerical FEM scheme are considered; in addition, in spite of the presence of non linear materials, the practical

possibility to use Biot-Savart based approaches, as cross check tools, is also discussed.

The paper also analyses the possible geometrical simplifications of the geometry able to make possible the actual calculation while

guarantying the required accuracy.

Finally the characteristics required for a correction system able to effectively counteract the magnetic field degradation are presented.

Of course a number of examples will be also reported and commented.
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A stainless steel structure called a radial plate is used in the toroidal field (TF) coils of the International Thermonuclear Experimental

Reactor (ITER) in order to support large electromagnetic force generated in the conductors. It is a 13.7 m x 8.7 m D-shaped plate

having 11 grooves on each side in which conductors are wound. Although severe dimensional accuracy, for example flatness within 2

mm, and tight schedule that all radial plates for 9 TF coils (63 plates) have to be manufactured in about 4 years are required in

manufacture of the radial plates, there are no industries in the world who have manufactured a large complicated structure like the

radial plate with high accuracy.

Japan Atomic Energy Agency (JAEA) has been studying rational manufacturing method and developing the optimum manufacturing

technologies of the radial plates in order to satisfy the above requirements in collaboration with the Ishikawajima-Harima Heavy

Industries Co., Ltd. (IHI). Several trial manufactures of radial plates have been performed to clarify the following key points.

&#12539;Effect of nitrogen content in material on machinability

&#12539;Effect of cutting direction of a piece on deformation caused by machining

&#12539;Effect of machining shape (curve or straight) on machining condition

&#12539;Effect of laser welding technique on penetration and welding deformation

Three different 316LN materials having nitrogen content of 0.12 %, 0.17%, and 0.20% were used to investigate nitrogen content effect

on machinability. Machinability of lower nitrogen content material was slightly better than that of higher nitrogen content material.

Three sectoral pieces were cut by plasma cutting technique from a hot rolled plate without any difficulties and one of them was

machined to a curved segment of the radial plate having the same size as actual one. However, unacceptable large deformation over 5

mm flatness was found during machining which would be caused by curved shape of grooves and/or cutting direction from the original

plate. Detailed investigation suggested that cutting direction should be parallel to a rolling direction of the plate. Results of welding

trials by using fiber laser technique showed that fiber laser could penetrate thickness of 15 mm in 5kW power, which was larger value

compared with YAG laser technique. The optimum manufacturing method based on the investigations of manufacturing technologies is

also given in this paper.
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The ITER Toroidal Field (TF) coil structure consists of coil cases, inter-coil structures and radial plates.  A forged

JJ1(12Cr-12Ni-10Mn-5Mo-0.2N), forged and hot rolled 316LN will be used for the TF coil structure, depending on stresses generated

by the TF coil operation.  Required mechanical performances of material used in high stress region is 0.2% yield strength (YS) of more

than 1,000 MPa for JJ1, 850 MPa for 316LN and fracture toughness KIC(J) of more than 200 MPam0.5 for both materials at 4K.  Japan

Atomic Energy Agency (JAEA) has performed full scale material manufacturing for ITER TF coil structure to demonstrate a

productability and to confirm a mechanical characteristic of materials.  

In order to satisfy the ITER requirements, JAEA modified forged 316LN (Strengthen 316LN: ST316LN) based on F316LN specified as

ASTM A336 and JIS G3214.  The main modification of ST316LN is to increase nitrogen content to 0.2% from 0.16%. Forged JJ1

block (420 mmt / 11 tons), forged ST316LN block (390 mmt / 26 tons) and two hot rolled ST316LN plates (140 mmt / 11 tons and 200

mmt / 6 tons) have been manufactured using actual fabrication facilities and processes. 

Mechanical properties were measured using the samples taken from these products. As results of mechanical test at 4 K, averaged value

of YS for JJ1, forged 316LN and hot rolled ST316LN are 1,126 MPa, 1,078 MPa and 1,066 MPa, respectively.  Forged JJ1 and

ST316LN blocks showed uniform ultimate tensile strength (UTS) distribution along the thickness direction. In ST316LN hot rolled

plates, UTS showed some scattering and mixed area of fine and coarse gains was locally observed at one quarter thickness in the top

end portion of plate.  Observed coarse grain has a diameter of around 3 mm, which was identified to be a cause of degradation of UTS

and elongation.  However, the mixed grain condition in the hot rolled plate can be solved by modification of forging process, followed

by a hot roll process.  Measured KIC(J) was more than 200 MPam0.5 for all products. 

Therefore, it is concluded that the ITER mechanical requirements for TF coil structure material is achievable in actual JJ1 and

ST316LN manufacturing.
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The Wendelstein 7-X stellarator is presently under construction and assembly in Greifswald, Germany. Its ultimate goal is to verify that

such stellarator magnetic confinement concept is a viable option for a demonstration fusion power-plant.

The superconducting magnet system, capable to generate an average magnetic field up to 3 Tesla at the magnetic axis, is basically

composed of 50 non-planar and 20 planar coils, and of a central support structure (CSS) to which they are connected. This system is a

complex mechanical structure which has to fulfil demanding requirements in terms of accuracy of the magnetic field, capability to take

the operational loads, compliance with the manufacturing tolerances and assembly scheme, and interfaces.

The support elements of the magnet system have been conceived and designed in order to react to the loads in a “balanced way”, while

complying with the other requirements mentioned above. The non planar coils are interconnected each-other by the Lateral Support

Elements at the outer side, and by the Narrow support Elements and the Contact Elements at the inner side, while the Central Support

Elements connect each coil to the CSS. Similarly, the planar coils are linked to the non planar coils by the Planar Support Elements,

and to the CSS also by the Central Support Elements.

These supports, during stellarator operation, have to transmit forces and moments that are in the order of several MN and hundreds of

MN•mm, respectively. Given the unprecedented complexity of this mechanical scheme, a wide and integrated programme of design, FE

analyses, tests, and assembly trials has been undertaken, in order to develop and validate the design, and to optimize the mechanical

response of the magnet system.

This paper gives an overview of the way this structure is conceived, of its key support elements, and of the results of the analyses and

tests carried out so far.
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The Large Helical Device (LHD) has provided experimental results indicating that LHD-type reactors are well suited for steady-state

power plants. Based on the engineering and physics outputs from the LHD, the Force Free Helical Reactor (FFHR) study has been

launched in the framework of interuniversity collaborative research at the National Institute for Fusion Science. In the FFHR study, a

superconducting magnet system is one of the key issues because the magnet of the FFHR consists of continuous windings with a large

diameter, a twisted configuration and large magnetic energy. The magnet system of the FFHR has a coil major radius of 14-17 m, the

magnetic energy of 120-140 GJ and the maximum field of 13 T. We apply aluminum-alloy jacketed Nb3Sn superconductors and an

indirect-cooling concept using cooling panels inside the windings. The cooling panels are cooled by forced-flow liquid/supercritical

helium. The aluminum-alloy jacket, which has higher thermal conductivity than stainless steel, can promote removal of a steady-state

heat load due to nuclear heating. Heat removal performance depends strongly on the effective transverse thermal conductivity in the

windings and the spacing between the cooling panels. We investigate the effective transverse thermal conductivity using conductor

samples and a numerical analysis. For quench protection, we adopt a quench-back concept using the cooling panels as a heater. The

quench-back can reduce the hot spot temperature in the superconductor and the maximum terminal voltage even though the magnet has

large magnetic energy. This paper presents the conceptual design of the 100-kA class superconductor and the structure of the windings

for the FFHR superconducting magnet.
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The Nb3Al is one of the attractive superconducting materials for future fusion devices like DEMO because of its higher critical current

density (Jc) than Nb3Sn at around 16 T. In cable-in-conduit (CIC) conductor like the ITER conductor, strands suffer thermal and

bending strain. The Jc of Nb3Al strand is generally decreased by longitudinal strain. However, in previous work, no degradation of Jc

by bending strain of 0.4% was observed for a Nb3Al D-shaped coil made by react-and-wind (R&W) method in the R&D campaign for

the JT-60 superconducting modification (JT-60SA). The R&W method allows us to heat-treat conductor in small furnace and to wind

into coil along with insulation after heat treatment like NbTi conductor. This method considerably reduces manufacturing cost and time

schedule. This also indicates that large complicated coils can be fabricated by Nb3Al CIC conductor, if the bending limitation and the

mechanisms are clarified.

In this work, in order to clarify the bending limitation, a new experimental apparatus was developed to measure bending strain

dependence of critical current (Ic) of a CIC conductor wound like a torsion coil spring. The CIC conductor sample consists of 54

Nb3Al strands and 27 Cu wires contained in a stainless steel conduit and formed in a spring-shape. The results of bending strain

dependence of Ic shows that the no degradation of Ic up to 0.4% of bending strain and Ic at 0.55% of bending strain was 96% of Ic at

0%.

The precise mechanism of new apparatus and FEM analysis result of CIC conductor sample will be presented. The application of these

results to coil fabrication will be also discussed.
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The ITER superconducting magnet system consists of 18 Toroidal Field (TF) coils, Central Solenoid (CS), 6 Poloidal Field (PF) coils

and correction coils.  The TF coils is operated at a current of 68 kA and magnetic field of 11.8 T.  The TF coils suffer out-of-plane

electromagnetic loads induced by an interaction of TF coil current and magnetic field generated by poloidal and CS. To sustain the

out-of-plan forces, outer intercoil structures(OIS) to connect between the neighboring TF coils are attached on the side surface of TF

coil case out board region.  Since electromagnetic forces vary according to operation current of TF, CS, PF and plasma current, cyclic

loads are applied on the TF coil structure including intercoil structure.  Therefore a fatigue analysis is required to assure the safety

operation of ITER during ITER machine life time.

The objective of this work is to confirm acceptable initial crack of TF coil structure by a linear elastic fracture mechanics.  The fatigue

crack growth is evaluated using the cracks modeled by a finite element model (FEM) to calculate a stress intensity factor K as a

function of crack size. 

We confirmed that the maximum local stress intensity appears on the upper and lower OIS at end of burn.

To study fatigue crack propagation, a local model of OIS region is created from TF coil global element model provided by ITER

international team. The local model of OIS has a crack at the highest stress intensity region and K value is calculated for various crack

size.

As a result of this analysis, if the semi elliptical crack with depth of 10mm and width of 60 mm is assumed, the K value is estimated to

be around 50MPam0.5 at end of burn.  There is no significant crack growth within the required operation cycle (3&#65368;104) in

ITER.
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The Wendelstein 7-X (W7-X) superconducting coils will be subjected to high electro-magnetic forces and moments during the

stellarator operation.

It is therefore essential to prove that the mechanical connections which keep the coils joined together and linked to the magnet system

Central Support Structure (CSS), are capable to take the operational loads during the machine lifetime, with thousands of load cycles.

Critical connections, identified by the finite element (FE) analysis of the magnet system, are the bolted Central Support Elements (CSE)

between coils and CSS. Each CSE is composed of a matrix (usually 3x3) of parallel bolts. They are tightened in order to highly

pre-compress the contact flanges between coils and CSS. The FE analysis shows high loads in particular on the Non Planar Coil type 1,

which is called NPC1Z1. 

This critical connection was studied by using mock-ups. Each mock-up, made of the same materials as in the real W7-X, was actually

composed of a row of 3 bolted elements, i.e. one third of the real connection which shows a 3x3 bolts matrix. The mock-up was

subjected to the scaled-down dominant forces and moment derived from the FE calculations. 

The tests were carried out at 77K (while the real CSE will operate at 4K), and consisted in applying the forces starting from zero and

ramping them up to a given set point, so simulating the coil current ramp-up and ramp-down. The loading steps were repeated for more

than 4000 cycles, in order to reproduce the entire W7-X lifetime. 

At the end of these cycles, high load cycles were performed, with the set points increased above the nominal loads (i.e. those

corresponding to the “3 Tesla case”) with the aim to explore the limit of such bolted connection. 

The tests showed that the mock-ups could take the nominal loads, but that at 120% of such loads, plastic failure occurred on the

mock-ups. Stick-slip phenomena on sliding contacts were also observed.

This paper presents details on the design and assembly of the CSE, on the test mock-ups and test device, on the execution of the test,

and on the results and main conclusion of the experimental campaign.
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In JET, the feedback stabilisation of the plasma column in response to Vertical Displacement Events (VDEs) plays a key role in the

operation of the machine. Presently, the Fast Radial Field Amplifier (FRFA) is composed of four inverter units each rated 2.5 kV, 2.5

kA at the output and based on GTO (Gate Turn-Off) thyristors, which can be configured to deliver either 10 kV, 2.5 kA or 5 kV, 5 kA

on the load. The first configuration is preferred, as it provides a faster response thanks to the higher voltage available.

After the EP2 enhancements, that will increase the heating power and will provide JET with an ITER like wall, ELMy H-mode

scenarios, which are directly relevant for ITER, large Edge Localised Modes (ELMs) can occur that produce an excursion of the radial

field in excess of the FRFA current/voltage capability, triggering a VDE that terminates the plasma. As a consequence, limits are set in

the JET operational space at high current and high shaping. The importance of JET operation in this domain in view of ITER suggested

an enhancement of the Vertical Stabilisation system, and in particular of the radial field amplifier current capability.

This paper describes the conceptual design of a new radial field amplifier, named Enhanced Radial Field Amplifier (ERFA), aimed at

increasing the output power with respect to the FRFA. The new system will provide 12 kV, 5 kA, so doubling the current swing and

enhancing the voltage capability. The structure of ERFA is similar to FRFA: four distinct units are connected in series at the output to

achieve the desired voltage level. However, the scheme of the single unit is different: it is composed of a step-down transformer, a

single-quadrant ac/dc thyristor converter, a capacitor bank, a dc chopper to control the dc link voltage and a four-quadrant inverter. This

scheme has been worked out on the basis of the availability of new power semiconductor components, able to provide faster switch-on

and switch-off times and higher current capability with respect to the GTOs.

After describing the new specifications required in terms of output currents, voltages and frequencies, the paper will describe the main

design choices concerning the inverters, the dc choppers, the thyristor converters and the capacitor bank. The thermal analyses

performed to identify the number of necessary H-bridges to be connected in parallel will be presented, together with the system

simulations aimed at optimising the control strategies of the thyristor converters and of the dc choppers and verifying the design of the

system. Finally, some hints regarding the control system will be given, with particular reference to the inverters.
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In order to ensure safety operation of the magnet coils, the insulation system must keep its mechanical strength over the whole magnet

lifetime under the appropriate radiation environment. Recent results on cyanate ester/epoxy blends demonstrated their mechanical

integrity after irradiation to the ITER design fluence level, i.e. 1x10^22 m^-2 (E>0.1 MeV). For economic reasons, the cyanate ester

content in the blend should be kept as low as possible due to the higher price compared to traditional epoxy resins. Therefore, the

optimal composition of cyanate ester and epoxy in the blend is of great importance.

In this study R-glass fiber/ Kapton reinforced cyanate ester based blends using different epoxy resins and epoxy contents were

investigated. Short-beam shear as well as static tensile tests were carried out at 77 K prior to and after irradiation to a fast neutron

fluence of 1 and 2x10^22 m^-2 (E > 0.1 MeV) in the TRIGA reactor (Vienna) at ambient temperature (340 K). In addition,

tension-tension fatigue measurements were performed in the load and the strain controlled mode in order to simulate the pulsed

operation conditions of the ITER magnets.

Initial results show, that cyanate ester contents of both 40 % and 30 % lead only to a small reduction of the mechanical strength after

irradiation to the ITER design fluence.
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In exploration to a tokamak fusion reactor, the control of plasma instabilities of high &#946; plasma such as neoclassical tearing mode

(NTM), resistive wall mode (RWM) etc., is the key issue for steady-state sustainment.  One of the proposed methods to avoid

suppressing RWM is that AC current having a phase to work for reduction the RWM growth is generated in a coil (sector coil)

equipped spirally on the plasma vacuum vessel.  To stabilize RWM, precise and fast real-time feedback control of magnetic field with

proper amplitude and frequency is necessary.  This implies that an appropriate power supply dedicated for such an application is

expected to be developed.  A matrix converter as one of power supply candidates for this purpose could provide a solution

  The matrix converter, categorized in an AC/AC direct converter composed of nine bi-directional current switches, has a great feature

that a large energy storage element is unnecessary in comparison with a standard existing AC/AC indirect converter, which is

composed of an AC/DC converter and a DC/AC inverter.   It is also advantageous in cost and size of its applications.  Fortunately, a

voltage type matrix converter has come to be available at the market recently, while a current type matrix converter, which is

advantageous for fast control of the large-inductance coil current, has been unavailable.  

On the background above mentioned, we proposed a new current type matrix converter and its control method applicable to a power

supply with fast response for suppressing plasma instabilities. 

Since this converter is required with high accuracy control, the gate control method is adopted to three-phase switching method using

middle phase to reduce voltage and current waveforms distortion.  The control system is composed of VME-bus board with DSP

(Digital Signal Processor) and FPGA (Field Programmable Gate Array) for high speed calculation and control.

  This paper describes the control method of a current type matrix converter, which is estimated and investigated by the simulation

using EMTDC.  In the simulation, the switching frequency of the matrix converter is 3kHz.  We are going forward to manufacturing

and testing a 750VA current type matrix converter prototype to estimate the control performance and the possibility of application to

plasma control coil power supply.
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The modification program of the JT-60 tokamak progresses to establish scientific and technological bases of an economically and

environmentally attractive DEMO by achieving steady-state high-beta plasma. For the economical feasibility, a aspect ratio of a fusion

power plant tends to become lower to achieve high mass power density. Therefore, the design of future experiment device is required to

have a capability of covering the broad operational space of the aspect ratio and the plasma shape parameter, which strongly correlate to

enhance the critical beta value for the ideal MHD limit. In the modified JT-60 tokamak, the system of superconducting coils is also

designed to consider this concept.

In this device, the toroidal field (TF) coil system consists of 18 coils, and the poloidal field (PF) coil system has 4 modules of central

solenoids (CS) and 7 equilibrium field (EF) coils. In the latest design of superconducting coil system, the number of EF coil is

increased from 6, and the position of EF coils are optimized to realize the operation space broader. Consequently, flexibility of

triangularity becomes broader in order to cover the ITER configuration, so that we obtain the flexibility of plasma configuration, e.g.

ITER similarity operation or high plasma current (IP = 5.5 MA) operation in the lowest aspect ratio (A = 2.6).

CS design is also revised to supply the sufficient flux for the designed time duration. Under the condition of the designed space for CS,

it is found that 17.3 Wb of the flux will be provided with 10 T of the maximum field. Therefore, the conductor should be designed to

adopt the strand with 2.8 of Cu/non-Cu ratio Nb3Sn for the conductor of CS.

For the conductor of the superconducting coils in this device, the cable-in-conduit (CIC) type conductor is adopted. In particular, CS is

operated under the condition of variable coil current in the strong magnetic field, so that the evaluation of the fatigue appeared at the

conduit in order to ensure the mechanical strength of CS conductor. In this work, the stress at the conduit of CIC conductor for the

recent design of CS will be analyzed and the validity of mechanical strength of the conduit of CS conductor will be also evaluated.
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The superconducting magnet system of the WENDELSTEIN 7-X (W7-X) experiment consists of 50 non-planar and 20 planar coils

which are connected by 121 bus bars in series of seven groups of ten coils each. The connection of the bus bars will be provided by 184

joints each with a maximum allowable resistance of 5 n&#61527;. To allow for possibly replacements and repair after installation all

joints have to be designed as demountable joints. The principle of such a demountable joint was tested by two joints in SULTAN Test

facility CRPP, Switzerland in 2002. Both joints showed resistances less than 1 n&#61527; at 20 kA in a magnetic field of 2 T. 

In the meantime efforts to improve the design of the casing and the design of the clamping parts have been carried out. Tools for the

installation at W7-X and mounting procedures were developed using the test joints to ensure the best possible reproducibility.

These improvements led to the requirement to repeat the measurement of joint resistance. This joint test was carried out in the test

facility of SINTEZ of the Efremov Institute in St. Petersburg, Russia.  

This paper describes the design of the joint and the test facility and focus on the comparison of test results at SULTAN and SINTEZ.
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At the Max-Planck-Institut für Plasmaphysik (IPP) in Greifswald (Germany) a fusion experiment of the Stellarator type, the

WENDELSTEIN 7-X (W7-X), is currently under construction. The magnetic field configuration of W7-X, which is intended to

demonstrate, among others, steady state operation, will be generated by 50 non-planar and 20 planar superconductive coils.

The superconductor used in the coils and for the busbar system is a NbTi cable in conduit conductor (CICC). The 243 NbTi strands,

which form the actual conductor, are encased by an aluminium jacket (AlMgSi0,5) by a co-extrusion process. To con-nect electrically

the different winding layers inside a coil and also the coils amongst each other special joints are used. The aluminium jacket must be

connected to the joint housings or material transition pieces by welding. The stringent requirements on the weld seams (Helium leak

tight for more than 20 years, high pressure, almost no possibility for repair), the difficult conditions during welding (only small

temperature window allowed to prevent degradation of the conductor, partly overhead welding, restricted space, contaminated

superconductor jacket) and the restricted NDT possi-bilities require special QA arrangements. The paper will outline the various steps

of the development program, the rather tedious and time consuming QA measures (ex-tensive weld preparation, real time preparation

and investigation of working prove samples, immediate leak tests), and the compromises accepted with respect to qual-ity.

The winding packages of the non-planar coils are embedded in casings made of cast austenitic steel (1.3960). The casings have to

support the winding packages against the magnetic forces (peak stresses approximately 750 MPa). For the quality assur-ance of the cast

casings NDT methods are used like dye penetrant test (PT), radio-graphic test (RT) (also by LINAC) and ultrasonic test (UT). Due to

the special proper-ties of the cast material (dendritic grain structure, natural defects, surface properties) and the rather complicated

geometry of the cast parts (wall thickness up to 130 mm, reinforcing ribs, hidden edges, small curvature regions) the application of

these non-destructive testing (NDT) methods are by no means straightforward. The paper will discuss the special problems, which

arose during the tests and also possibilities to prevent some of these by design and proper specification.
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The goal of the Wendelstein 7-X (W7-X) stellarator project at Greifswald, Germany, is to demonstrate that the stellarator is a viable

option for a fusion power-plant. The construction phase of W7-X is quite advanced,  and the project has entered the assembly stage.

The main W7-X structural components are the magnet system (MS) and the cryostat system, the latter comprising the outer vessel

(OV), the plasma vessel (PV) and the ports. Both systems are supported by the Machine Base (MB). 

The W7-X “pentagonal” basic magnet system, composed of 50 non planar coils and 20 planar coils, is capable to generate a magnetic

field up to 3 Tesla at the plasma axis. The weight of the coils and the electromagnetic (EM) loads are transferred to a central support

structure by two central support elements (CSEs) per each coil. The complexity of the magnet system is caused not only by the

complicated configuration of the non-planar coils, but also by contact-sliding interfaces between adjacent coils as well as between

winding pack and coil cases, and by the bolted CSEs relying on flange openings.

The OV and PV are interconnected by 299 ports with bellows, by the PV horizontal centering system, and by the MB via the vertical

supports. Due to the large number of openings, both vessels are relatively flexible. 

The reliable prediction of a structural behavior of W7-X is not possible without a set of finite element (FE) models. A special strategy

has been developed for the structural analysis which is under implementation now.

The MS system is highly sensitive to parameter variations which is the main reason that the analysis strategy is based on completely

independent FE global models (GM) realized in ANSYS, ADINA ,and ABAQUS. 

The cryostat system ANSYS GM includes the OV, the PV, the ports with bellows, and the MB; an independent analysis of the

components without taking into account their interactions would not be accurate enough.

The local analyses of W7-X components are being performed under loads extracted from the GM models, or by a submodelling

procedure with the ANSYS code. 

This paper gives an overview of the analysis strategy, applied structural criteria and critical issues, and it focuses on the most

interesting results.
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Wendelstein 7-X (W7-X) is an advanced stellerator where the optimized magnetic field is generated using 70 superconducting coils of

seven different types. The five non-planar coil types generate the field for plasma confinement and the two planar coil types provide

additional experimental flexibility. Coils of the same type are electrically connected in series, the seven groups of ten coils each can be

operated independently. During operation, the energy stored in the magnetic field is about 620 MJ at 3T average field strength at the

magnetic axis. During fast shut down each coil group is discharged via a nickel dump resistor. While absorbing the energy of the coils,

the dump resistors heat up to over 500°C, increasing their resistances to more than 4 times of the initial value. Some of the energy is

also dissipated in the coil casings which act as shorted secondary windings for the coils. 

Using the simulation software SIMPLORER, a circuit model of the W7-X coil system has been developed. This model takes into

account the self inductances and the mutual inductances of the different coil types, and the non-linear temperature dependencies of the

components’ resistances. The self- and mutual inductances for all coils and casings have been calculated using the EFFI code. Aim of

the simulations is to investigate the voltage and current developments in the coils, coil casings and discharge resistors under normal and

fault conditions. Additional results are the energy transfer between different components, as well as asymmetries and peak currents in

fault scenarios which lead to highly increased forces acting on the coils. 

The paper presents the model and results of the simulation.
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The objective of Wendelstein 7-X project is the stellarator-type fusion reactor. In this device plasma channel is under control of

magnetic field coming from magnet system of very complicated shape, made of 70 superconducting coils symmetrically arranged in 5

identical sections. Every coil is connected to central ring with two extensions which transfer loads resulting from electromagnetic field

and gravity.

The aim of this work was to analyse mechanical behaviour of the bolted connections using detailed 3D finite element models. All

simulations were performed assuming elasto-plastic behaviour of the materials, assembly stresses and friction contacts between

different parts of the connections. Stress distributions, displacements, forces acting on the bolts and welds were studied using standard

and submodeling routines. The results were subsequently used to optimize the design of critical central support elements.
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Recent researches on fusion reactor show neutron streaming from ports to outside of plasma vacuum vessels and neutron penetration

through blanket and a neutron shielding structure.  Therefore, superconducting magnet system in a fusion reactor will be irradiated by

high energy particles.  To evaluate the irradiation effect of fusion neutron on the superconducting magnet materials, a cryo-target

system was constructed and installed at Fusion Neutron Source (FNS) Facility in Japan Atomic Energy Agency.  The Nb3Sn, Nb3Al

samples and copper wires were cooled down to 4.5 K by a GM refrigerator and irradiation tests by 14 MeV neutron at cryogenic

temperature were carried out.  Change in electric resistance and critical temperatures (Tc) were measured after irradiation.  On the

outside of the cryostat, GFRP and other sensors were arranged and irradiated at the same time.  After the irradiation, the properties of

those materials were investigated and the difference was discussed.   

In the presentation, some irradiation test results will be described, such as Tc change in Nb3Al wire, change in electric resistance of

copper, CERNOX sensor performance, Interlaminar share strength of GFRP.
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The Wendelstein 7-X (W7-X) stellarator experiment is presently under construction and assembly in Greifswald, Germany. The goal of

the experiment is to verify that the stellarator magnetic confinement concept is a viable option for a fusion reactor.

The complex W7-X magnet system requires a multi-level approach to structural analysis for which two types of finite element models

are used: Firstly, global models having reasonably coarse meshes with a number of simplifications and assumptions, and secondly,

local models with detailed meshes of critical regions and elements. 

Widely known sub-modelling technique with boundary conditions extracted from the global models is one of the approaches for local

analysis with high assessment efficiency. In particular, the winding pack (WP) of the magnet coils is simulated in the global model as a

homogeneous orthotropic material with effective mechanical characteristic representing its real composite structure. This assumption

allows assessing the whole magnet system in terms of general structural factors like forces and moments on the support elements,

displacements of the main components, deformation and stress in the coil casings, etc. In a second step local models with a detailed

description of more critical WP zones are considered in order to analyze their internal components like conductor jackets, turn

insulation, etc.

This paper provides an overview of local analyses of several critical W7-X magnet system components with particular attention on the

coil winding packs.
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The ITER magnet system includes 6 Poloidal Field (PF) coils to control the position and shape of the plasma ring. The European Union

will manufacture the PF2 to PF6 coils on the ITER site and the Russian Federation will manufacture the PF1 coil, the smaller size of

which allows manufacturing outside. This paper presents the industrial studies carried out in Europe to prepare the manufacture of these

coils.

In a first part, the main features and the operating conditions of these large size (up to 24 m diameter) and high voltage coils (up to 20

kV) will be reviewed. All PF coils will use superconducting dual channel cable-in-conduit NbTi conductors, cooled by internal

circulation of supercritical helium and carrying a current of 45 kA. So as to avoid joints in the high field area, the conductors will be

wound in double pancakes, using a two-in-hand technique, and helium inlets will be inserted at the coil inner bore in the higher

magnetic field area and joints at the coil outer bore in the lower magnetic field area. The coils, operated in pulsed mode, will have to

withstand high voltages which requires high performance insulation, relying on the use of multilayer glass-polyimide composite tapes

wrapped around the conductor and vacuum impregnated with epoxy resin.

In a second part, the engineering studies carried out in Europe for the manufacture of these coils will be reported. A first study, carried

out by Ansaldo Superconduttori (Italy), addressed the manufacturing sequence, taking into account each step and detailing the required

tooling as well as the quality control operations to perform. As the reference scheme assumes the manufacture of the PF coils inside the

buildings which will further host the cryogenic system, a tentative layout of the manufacturing line in these buildings and a tentative

time schedule were given, with the aim of minimizing the number of working stations. A second study was carried out by Alstom

(France) to investigate how to achieve the manufacture of some crucial points, such as  helium inlets, joints and feeders. A new layout

of the manufacturing line was proposed, aiming at matching the objective of achieving manufacture of the PF2-6 coils within 36

months, so as to free in time the buildings to implement the cryogenic components. A last and more recent study by Alstom considers

the manufacture of the PF coils in a dedicated building, releasing so the constraint of the deadline fixed by the installation of the

cryoplant.
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Within the framework of the R&D programme for ITER (International Thermonuclear Experimental Reactor) the European team

EFDA (European Fusion Development Agreement) have been charged with the design and manufacture of the Poloidal Field

Conductor Insert Coil (PFCI). The purpose of the PFCI is to test and demonstrate the performance of long length full scale NbTi

conductors in ITER relevant conditions. The PFCI will be tested in the Central Solenoid Model Coil test facility at the JAEA Naka

Japan. This paper details the complete manufacturing details of the PFCI including development, forming machining, pre-assembly,

impregnation, final assembly and testing. The PFCI is a single layer wound solenoid of 9 turns with a transition joggle in the centre

section of the winding and an intermediate joint connection between the upper termination and the main coil winding. To give the

required overall dimensions to fit in the testing facility, pre-formed and machined glass resin composite filler pieces are assembled with

the winding and finally Vacuum Pressure Impregnated to create a single assemby unit. The PFCI is enclosed for assembly in a support

structure which consist of an upper and lower flange that each are made up by 4 machined stainless steel castings which are electrically

insulated by epoxy glass sheet material and 12 tie rods which preload the complete assembly in the vertical direction while the upper

flange is equipped with 4 radial restraining jacks and the lower flange is equipped with 4 sets of studs and shear keys to withstand the

net vertical and lateral electromagnetic forces. The PFCI is equipped with inductive heaters, voltage taps, temperature transducers,

strain gauges and other instrumentation as diagnostics to monitor the performance. The current status of the manufacture is that the coil

is in the process of final impregnation and should be completed and delivered before the summer of this year.
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PLASMA WALL INTERACTION STUDY IN THE LARGE HELICAL DEVICE

USING MATERIAL PROBES (P2-F-14) 

Tomoaki Hino(1), Yuji Nobuta(1), Yuji Yamauchi(1), Yuko Hirohata(1), Naoko Ashikawa(2), Akio Sagara(2), Suguru

Masuzaki(2), Nobuaki Noda(2), Nobuyoshi Ohyabu(2), Akio Komori(2), Osamu Motojima(2)

1. Laboratory of Plasma Physics and Engineering Hokkaido University 060-8628 Sapporo Japan
2. National Institute for Fusion Science Oroshi, 322-6 5025292 Toki Japan

In the fusion devices, only several material probes were employed to study on the wall behavior so far. Then, it was difficult to clarify

the plasma wall interactions systematically. In the Large Helical Device (LHD), numerous material probes were installed along the

toroidal and poloidal directions from the 1st to the present 9th experimental campaigns. After each campaign, the retention-desorption

behavior of discharge gases (H,He) and impurity deposition were investigated to understand the plasma wall interactions. The change

of the wall  surface well corresponded to the plasma discharge behavior and an increase of the plasma stored energy in LHD.

  After the 3rd campaign, graphite tiles were installed at the divertor trace regions. The SS wall surface was significantly changed, i.e.,

largely covered by carbon, so that metal impurity level was reduced. The plasma stored energy very increased by the reduction of metal

impurity level.

  After the 5th campaign, boronization was three times conducted during each campaign. The oxygen impurity level in the plasma was

one or two orders lower, compared to that before the boronization. The toroidal distribution of deposited boron was measured, and it

was seen that the wall was partly covered by the boron. These results suggest that the boron very effectively traps the oxygen even if a

ratio of the wall coverage is not high.

  The helium was employed both in main and glow discharges in addition to hydrogen. The helium desorption was often observed

during the hydrogen main discharge. The retained amount of helium in the wall was measured to understand this behavior. The amount

was comparable to that of hydrogen, which suggests that the helium can easily desorb from the wall. This helium behavior in the fusion

devices has not been known so far. The amounts of retained hydrogen and helium were large in the vicinity of anodes used for the glow

discharges. This result shows that the gas retention occurs mainly during the glow discharges.

  Argon or neon gas was employed for the glow dischare, in order to reduce the amounts of both hydrogen and helium. The low density

and high ion temperature discharge was successfully obtained. It was also seen that the amount of retained argon or neon was one order

smaller than that of helium. These results suggest that argon or neon glow discharge is useful to reduce particle recyclings.
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Oleg Buzhinskij, Vladimir Barsuk
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In this work the results of the research of internal structural elements state of the &#1058;11-M tokamak discharge chamber after

two-year operation with lithium limiter are given [1,2].

The condition of molybdenic wall surface of the discharge chamber and internal steel surface of diagnostic ports has been investigated.

X-ray microanalysis of deposited surface of the first wall has shown, that in deposited layer are contained in the main &#1052;&#1086;

and small amount &#1057;u. In a composition of deposited layer on the ports surface, except the above-named elements, in a small

amount is Fe. Because of the instrumental restrictions of this method of analysis, detection opportunity of lithium traces was missing. 

 X-ray diffractometer analysis of deposited layer on the first wall surface has detected a mixture of several phases. The main phase is

Li2C&#1054;3, one third from all deposited substance is Li2&#1052;&#1086;&#1054;4, there is also

Li&#1054;&#1053;-&#1053;2&#1054; phase. The deposited layer on diagnostic ports in the main consists of

Li&#1054;&#1053;-&#1053;2&#1054; phase, there is also Li2&#1057;&#1054;3 phase. The results of X-ray analysis of a dust probe

from the &#1042;4&#1057; coated graphite limiter surface have not detected whatever extra phases, except a crystalline boron carbide

phase. 

[1] V.B. Lazarev, E.A. Azizov et al., Compatibility of the Lithium Capillary Limiter with Plasma in T-11M, 26th EPS Conf. on Contr.

Fusion Plasma Physics, ECA, vol. 231, pp. 845-848, 1999

[2] V.A. Evtikhin, I.E. Lyublinski, A.V. Vertkov et al., Technology Aspects of Lithium Capillary pore Systems Application in

Tokamak Device, SOFT-21 (Madrid), A-37, 2000
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EAST SUPERCONDUCTING TOKAMAK DIVERTOR DESIGN (P2-F-16) 
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Wang, N. Zhu, X.Q. Mao, Y.X. Wan, P.D. Weng
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EAST is a full superconducting tokamak, The main parameters have been described in many other papers.  It has been complete

assembly and vacuum test started from end of January. Although all of the TF coils and most of the PF coils have been tested their

superconducting performance in testing facility the device will still be cool down to test all cryogenic system, TF coils and PF coils

without vacuum vessel ports.  All the ports, divertor and other in vessel components will be installed after cool down test. 

	EAST divertor is up down symmetric to supply possibility operate both single null and double null plasma configuration. The

geometry of the divertor is based on simulations using the B2-EIRENE Monte Carlo code. The reference configuration for the EAST

divertor is an inner vertical target, an outer vertical target with an open private flux region and a dome below the X-point. The vertical

target is inclined so as to intercept the magnetic field lines of the separatrix at an acute angle, giving deep inboard and outboard

channels in which expect to establish a partially detached plasma regime. In this regime, while the plasma remains attached in the outer

region of the SOL, the plasma is detached from the PFCs in the region near the separatrix causing the power profile to broaden and

power to be radiated to other surfaces. Together with the lower end of each vertical target and dome forms a &#65533;V&#65533;

cross-section that confines neutral hydrogenic particles in the divertor channels aids partial plasma detachment and particle exhaust.

	The plasma facing material for EAST divertor is a doped graphite developed in China. CuCrZr heat sink with cooling channels are

bolted to stainless steel supports. Graphite tiles are bolted to heat sink with graphite foil improve thermal contact.  In-vessel

cryo-pumps are both install behind dome and outer vertical target for particles exhaust. 

	EM loads bring by eddy current and halo current have been considered in divertor structure design and analyses. Different input

plasma heating power has been considered in thermal analyese.
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Experimental Investigation MHD Instabilities of Free Surface Jet and Film

flow for Liquid Metal Divertor/Limiter Option (P2-F-30) 

Zengyu Xu, CHANJIE PAN, WEISHAN KANG

Southwestern Institute of Physics, Fusion reactor and materials division P. O. Box 432 610041 Chengdu, Sichuan China

The magneto-hydrodynamics (MHD) stability of free surface jet and film flow is one of the key remaining issues for liquid metal free

surface dovertor/limiter system. Recently, several laboratories have observed some different MHD instabilities phenomena of free

surface jet and film under non-uniform or a gradient transverse magnetic field.  In this paper, the results are presented of the simple

modeling of jet flow MHD stability and experimental measured. The modeling can give out  the changes of velocity, cross section and

three dimensional skeleton map of jet in its path during the free surface jet flowing in a gradient transverse magnetic field. The

experiments were performed in three cases. Three insulator nozzles was used in First case (nozzle diameter of 6 mm), One insulator

nozzle (nozzle diameter of 6 mm) was used in second case, One electric conductivity nozzle (nozzle diameter of 12 mm) was used in

third case.  The gradient transverse magnetic field is 0.2 ~ 1.95 Tesla in 30cm path. The velocity of jet at the end of nozzle was 2.9 m/s,

3.24 m/s and 4.10 m/s, respectively. Furthermore, for third case, a 55mm wide of film flow was observed. Under these experimental

conditions, the experimental results indicated that transverse gradient magnetic field strongly shorten the jet flow range, and the shape

of cross section of jet flow deformed from round to elliptical, and finally bowed down shape in jet flow downstream. The distinct

difference MHD effect is not observed for different jet nozzles and in one-nozzle or multi-nozzles casese. Two type different MHD

phenomena was observed for film flow, one is in retardarce flow and another is in rivulets. The film rivulet phenomena is firstly

observed in present experiment. The simple modeling expected values are good agreement with jet flow experimental results.

Combining jet flow and film flow (tentative call jet-film flow) maybe is a good chosen for liquid metal divertor/limiter system.

Key word: Jet flow, film flow, MHD stabilities, Gradient magnetic field
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3-D FINITE ELEMENT ELECTROMAGNETIC AND STRESS ANALYSES OF

THE JET LB-SRP DIVERTOR ELEMENT (TUNGSTEN LAMELLA DESIGN)

(P2-F-31) 

Alexey Borovkov(1), Alexander Gaev(1), Alexander Nemov(1), Olaf Neubauer(2), Anatoly Panin(2)
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Juelich Germany

Within the ITER-like wall project at the JET, the original plasma facing divertor tiles made of tungsten coated carbon fibre composite

(CFC) are to be replaced by bulk tungsten. The design concept should comply with the power and energy handling requirements, the

electromagnetic (EM) forces and the mechanical constraints of the existing remote handling system. 

Through a number of intermediate design options the “lamella” option has been developed.

Each divertor block consists of three main parts: the plasma facing tiles, the inconel wedge holding the tiles and the inconel interface

plate attaching the wedge to the JET CFC base plate. In order to minimize eddy currents the wedge is equipped with slits and the

lamellae are isolated from each other. Defined electrical contact from lamellae via wedge to the base plate is required for defined path

of halo currents. Eight tungsten lamella stacks are attached to the wedge. The individual lamellae are isolated from each other by means

of insulated spacers. Tie rods keep the stack of tungsten lamellae and ceramic coated spacers together. 

The aim of this study is verification of the divertor block design with the load bearing septum replacement plate (LB-SRP) with respect

to electromagnetic loads in the block components by means of essentially 3-D Finite Element (FE) electromagnetic and stress analyses.

The following problems have been simulated and studied:

•	3-D FE modeling of eddy and halo currents distribution for different cases of plasma current ramp down

•	Calculation of EM loads arising in the structure components due to interaction of the currents with external electromagnetic fields for

different possible directions of magnetic fields

•	Selection of the worst load combination cases performed during post-processing of results of EM FE analysis

•	3-D multi-contact non-linear stress analysis for the worst load combinations with paying attention to the system integrity at the

elements separation planes.

As a result of these studies the level of initial pretension of the joint elements has been checked against possible detachment. The

bending of the load bearing components has proved to be moderately low compared to the structural material allowable limits.
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5. RDIPE --- ---- Moscow Russia

A liquid lithium limiter (LLL) based on lithium filled porous material has been tested for the first time on the medium size high

magnetic field tokamak FTU. The main technological aims of the experiment were to test: the compatibility of lithium filled

capillary-pore system (CPS) with real plasma tokamak conditions; the capacity of the system to self-regenerate the exposed surface and

to confine lithium during normal plasma operations and disruptions; the capability to withstand high heat loads without damage of

limiter surface. Investigation has been an important part of an extended program aimed to assess the physical effects of litization on

plasma characteristics.

A poloidal LLL of FTU consists of three separated and electrically insulated units tangentially arranged with respect to the plasma

column and installed on a movable supporting structure. LLL can be heated up to 550oC. It has two thermocouples for each unit and

two Langmuir probes placed in the interspaces between units. The cylindrical lithium surface of units (total area of 150 cm2) is formed

by a porous mat from stainless steel mesh filled with lithium and in contact with a lithium reservoir (total amount of lithium ~80 g.)

A general description of LLL design, selection of structural materials and preparation method will be described.

The behavior of CPS with lithium as a plasma facing material has been successfully tested for thermal loads 1-10 MW/m^2 in ohmic

plasma discharges with Ip=0.5-0.9 MA, Bt=6T, average electron density ne=0.2-2.6x10^20 m^-3 and t=1.5 s of pulse duration. LLL

has been progressively inserted inside the vacuum chamber. No anomalous phenomena like "lithium bloom" has occurred in the plasma

and no damage of CPS surface and LLL structure have been observed after ~70 discharges, also in the case of plasma disruptions as

expected by the preliminary thermal and electromagnetic analysis. Self-restoring of lithium surface due to the capillary forces has been

confirmed. LLL surface temperature and lithium flux will be given as a function of the thermal loads. LLL has been tested as a lithium

source for the litization in two modes – by physical sputtering in the scrape-off layer during the discharge and by intensive sputtering

plus evaporation obtained by the displacement of the plasma towards the liquid lithium using the plasma equilibrium system. Both

methods have given positive results in terms of reduction of Zeff , radiation losses and D2 recycling.
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The highly heat-loaded area of the target plates of the WENDELSTEIN 7-X (W7-X) divertor is formed by 890 water-cooled target

elements (TEs). This surface is designed to sustain a maximum stationary heat flux of 10 MW/m2 and to remove a maximum power of

100 kW per element. 

Flat tiles made of CFC Sepcarb® NB31 are bonded to a CuCrZr heat sink. This joint is manufactured in two stages. In the first step, an

OFHC copper interlayer is cast onto the tile by active metal casting (AMC®). At this stage, the joint copper-CFC is inspected by X-ray

and lock-in thermography. In the second step, the AMC®-NB31 tiles are joined to CuCrZr. Two technologies have been investigated:

electron beam welding (EBW) and hot isostatic pressing (HIP). The joint copper-CuCrZr is examined by ultrasonic method. At the end

of the fabrication, the bond between the heat sink and the CFC tiles is inspected by thermography methods. The produced CFC NB31

material for W7-X showed a large scatter in the tensile strength in the ex-pitch direction in the range of 50 – 110 MPa. Pre-series TEs

have been manufactured to qualify the design, the fabrication, the relevant non-destructive examinations (NDEs) and the delivered CFC

for the serial production. The whole manufacturing route is validated if the delivered elements whithstand operating conditions similar

to those in W7-X in the high heat flux (HHF) test facility GLADIS without degradation of performance and integrity. HHF tests did not

show any effect that could be attributed to the CFC grade or to the joining method. 

The HHF test results exhibited a high percentage of defective tiles, indicated by hot spots at the border of the CFC surface. Visual

inspections after HHF tests have mostly correlated these spots to the initiation and /or propagation of cracks at the lateral edge of the

tiles in CFC at the interface CFC-copper. The pre-series activities have been extended to reduce the stresses at the critical AMC®

interface. By means of computations using the finite element method, the most effective options with feasible manufacturing effort are

being investigated.

It is a key requirement to develop reliable NDE that can be applied after each manufacturing step of the series production. During the

pre-series phase all TEs are tested in GLADIS. It is intended in this way to evaluate NDE fault criteria that permit reliably to achieve

the nominal heat flux requirements.
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In order to reduce cost and manufacturing time induction brazing is being developed as an alternative to Hot Isostatic Pressing for the

joining of the beryllium armor onto the copper alloy heat sink material for the manufacture of First Wall panels for the ITER Blanket.

The copper alloy that is currently adopted by ITER is a Copper Chromium Zirconium alloy. Its good mechanical properties are

obtained by precipitation hardening by means of an ageing heat treatment at a temperature of about 480 °C. In order to avoid

over-ageing and keep acceptable mechanical properties, brazing at higher temperatures must therefore be done as fast as possible. 

The flat geometry of a panel is not familiar for induction process; nevertheless, a development work was done validating the feasibility

of joining beryllium tiles onto a copper chromium zirconium flat surface of a panel by induction brazing process.

The development was done in 2 stages: validation of the capability of the induction process to realise a heat cycle on a dummy panel

and in parallel, validation of the brazing parameters giving acceptable mechanical results on the beryllium CuCrZr joint.

A flat pancake inductor was manufactured and tested on a dummy panel in an induction brazing vessel manufactured for this purpose.

Several heating cycles were done with the aim of defining a cycle that gives uniform temperature at the interface of all the beryllium

tiles on the entire panel surface. These cycles gave us a temperature range in which the brazing can be performed. A special device for

brazing small mock up was also manufactured. This was for the metallurgical characterisation program.

Many brazing samples where done and mechanically characterised. Unfortunately, this first metallurgical stage led to unacceptably low

shear test values. A complete analysis of this non conformance put in evidence that the bad results were due to the braze material that

was not adapted to this process. By changing the braze material chemical composition, the mechanical characteristics where much

improved and allowed us to manufacture a mock up for high heat flux test.
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According to the European Power Plant Conceptual Study, actively cooled tungsten mono-block is one of the divertor design options

for fusion reactors. In this study the coolant tube acts as a heat sink and the tungsten block as plasma-facing armour. A key material

issue here is how to achieve high temperature strength and high heat conductivity of the heat sink tube simultaneously. Copper matrix

composite reinforced with continuous strong fibres has been considered as a candidate material for heat sink of high-heat-flux

components. Refractory tungsten wire is a promising reinforcement material due to its high strength, winding flexibility and good

interfacial wetting with copper. 

We studied the applicability of tungsten-fibre-reinforced copper matrix composite heat sink tubes for the tungsten mono-block divertor

by means of dual-scale finite element analysis. Thermo-elasto-plastic micro-mechanics homogenisation technique was applied. A heat

flux of 15 MW/m² with cooling water temperature of 320 °C was considered. Effective stress-free temperature was assumed to be 500

°C. Between the tungsten block and the composite heat sink tube interlayer (1 mm thick) of soft Cu was inserted. 

The finite element analysis yields the following results: The predicted maximum temperature at steady state is 1223 °C at the surface

and 562 °C at the interface between tube and copper layer. On the macroscopic scale, residual stress is generated during fabrication due

to differences in thermal expansion coefficients of the materials. Strong compressive stress occurs in the tungsten block around the tube

while weak tensile stress is present in the interlayer. The local and global probability of brittle failure of the tungsten block was also

estimated using the probabilistic failure theories. 

The thermal stresses are significantly decreased upon subsequent heat flux loading. Resolving the composite stress on microscopic

scale yields a maximum fibre axial stress of 3000 MPa after fabrication and 1550 MPa during heat flux loading. The matrix equivalent

plastic strain reaches 5 %. The stress level in the cold state is critical, since the tensile strength of commercial tungsten wires ranges

between 2800 – 3500 MPa. This implies that annealing treatment for the stress relaxation is necessary during fabrication.
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The FOM-Institute for Plasma Physics Rijnhuizen is preparing the construction of Magnum-PSI, a magnetized (3 T), steady-state, large

area (diameter 10 cm), high-flux plasma (10^24 ions m^-2s^-1 generator. The aim of the linear plasma device Magnum-PSI is to

provide a controlled, highly accessible laboratory experiment in which the interaction of a magnetized plasma with different surfaces

can be studied in detail.  Plasma parameters can be varied over a wide range, in particular covering the high-density, low-temperature

conditions expected for the detached divertor plasma of ITER. The target set-up will be extremely flexible allowing the investigation of

different materials under a large variety of conditions (temperatures, inclination, biasing, coatings, etc.). A range of target materials will

be used, including carbon, tungsten and other metals, and mixed materials. Because of the large plasma beam of 10 cm diameter and

spacious vacuum tank, even the test of whole plasma-facing component mock-ups will be possible. 

Dedicated diagnostics will be installed to allow for detailed studies of the fundamental physics and chemistry of plasma-surface

interaction, such as erosion and deposition, hydrogen recycling, retention and removal, dust and layer formation, plasma sheath physics

and heat loads (steady-state or transient). Magnum-PSI will be a unique experiment to address the ITER divertor physics which will

essentially differ from present day Tokamak and/or linear plasma generator physics.

In this contribution, we will present the pre-design of the Magnum-PSI experiment. We will discuss the requirements on the vacuum

system, 3T superconducting magnet, plasma source, target manipulator and additional plasma heating. In addition, we will briefly

introduce the plasma and surface diagnostics that will be used in the Magnum-PSI experiment.
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Hydrogen and helium trapping in tungsten deposition layers formed by RF

plasma sputtering (P2-F-82) 

Kazunari Katayama, Kazumi Imaoka, Takayuki Okamura, Masabumi Nishikawa

Graduate school of engineering science, Kyushu university Hakozaki, Higashi-ku 812-0053 Fukuoka Japan

Understanding of tritium behavior in plasma facing materials is an important issue for fusion reactor from viewpoints of fuel control

and radiation safety. Tungsten is used as a plasma facing material in the divertor region of ITER. However, investigation of hydrogen

isotope behavior in tungsten deposition layer is not sufficient so far. It is also necessary to evaluate an effect of helium on a formation

of deposition layer and an accumulation of hydrogen isotopes because helium generated by fusion reaction exists in fusion plasma. In

this study, tungsten deposition layers were formed by sputtering method using hydrogen and helium RF plasma. An erosion rate and a

deposition rate of tungsten were estimated by weight measurement. Hydrogen and helium retention were investigated by thermal

desorption method. 

Tungsten deposition was performed using a capacitively-coupled RF plasma device equipped with parallel-plate electrodes. A tungsten

target was mounted on one electrode which is supplied with RF power at 200W. Tungsten substrates were mounted on the other

electrode which is at ground potential. The plasma discharge was continued for 120 hours where pressure of hydrogen or helium was

controlled to be 10 Pa. The amounts of hydrogen and helium released from deposition layers was quantified by a gas chromatograph. 

The erosion rate of target tungsten under helium plasma was estimated to be 1.8 times larger than that under hydrogen plasma. The

deposition rate on tungsten substrate under helium plasma was estimated to be 4.1 times larger than that under hydrogen plasma.

Atomic ratio of hydrogen to tungsten in a deposition layer formed by hydrogen plasma was estimated to be 0.17 by heating to 600 oC.

From a deposition layer formed by helium plasma, not only helium but also hydrogen was released by heating to 500 oC. Atomic ratios

of helium and hydrogen to tungsten were estimated to be 0.080 and 0.075, respectively. The trapped hydrogen is probably impurity

hydrogen emitted from a surface of a vacuum chamber to plasma during helium plasma discharge. It was found that tungsten deposition

layers formed by RF plasma sputtering can retain a large amount of hydrogen and helium.
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ENEA association is involved in the European International Thermonuclear Experimental Reactor (ITER) R&D activities and in

particular for the manufacturing of high heat flux plasma-facing components (HHFC), such as the divertor targets, the baffles and the

limiters: During the last years ENEA has manufactured actively cooled mock-ups by using different technologies, namely brazing,

diffusion bonding and hot isostatic pressing (HIPping). A new manufacturing process has been set up and tested. It was successfully

applied for the manufacturing of W armoured monoblock mockups. This technique is the HRP (Hot Radial Pressing) based on

performing a radial diffusion bonding between the cooling tube and the armour tile by pressurizing only the internal tube and by

keeping the joining zone in vacuum and at the required bonding temperature. The heating is obtained by a standard air furnace.

The next step was to apply the HRP technique for the manufacturing of CFC armoured monoblock components. For this purpose some

issues have to be solved like as the low CFC tensile strength, the pure copper interlayer between the heat sink and the armour necessary

to mitigate the stress at the joint interface and the low wettability of the pure copper on the CFC matrix.

This paper reports the research path followed to manufacture a medium scale vertical target CFC and W armoured mockup by HRP. An

ad hoc rig able to maintain the CFC in a compressive constant condition was also designed and tested. 

The casting of a soft copper interlayer between the tube and the tile was performed by a new technique: the Pre-Brazed Casting (PBC,

ENEA patent).

Some mock-ups with three NB31 CFC tiles were successfully manufactured and tested to thermal fatigue using electron beam facilities.

They all reached at least 1000 cycles at 20 MW/m2 without suffering any damage.

The manufactured medium scale vertical target mock-up is now under testing at the FE2000 (France) facility.

This activity was performed in the frame of an ITER-EFDA contract.
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Simulation of cracks in tungsten under ITER specific heat loads (P2-F-92) 

Sergey Peschany
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Eggenstein-Leopoldshafen Germany

The problem of high tritium retention in co-deposited carbon layers on the walls of ITER vacuum chamber motivates investigation of

materials for the divertor armour others than carbon fibre composite (CFC). Tungsten is most probable material for CFC replacement as

the divertor armour because of high vaporisation temperature and heat conductivity. In the modern ITER design tungsten is a reference

material for the divertor cover, except for the separatrix strike point armoured with CFC. As divertor armour, tungsten should withstand

severe heat loads at off-normal ITER events like disruptions, ELMs and vertical displacement events. 

Experiments on tungsten heating with plasma streams and e-beams have shown an intense crack formation at the surface of irradiated

sample [1,2]. The reason for tungsten cracking under severe heat loads is thermostress. It appears as due to temperature gradient in solid

tungsten as in resolidified layer after cooling down. Both thermostresses are of the same value, but the gradiental stress is compressive

and the stress in the resolidified layer is tensile. The last one is most dangerous for crack formation and it was investigated in this work.

The thermostress in tungsten that develops during cooling from the melting temperature down to room temperature is ~8-16GPa.

Tensile strength of tungsten is much lower, < 1 GPa at room temperature, and at high temperatures it drops at least for one order of

magnitude. As a consequence, various cracks of different characteristic scales appear at the heated surface of the resolidified layer. 

For simulation of the cracks in tungsten the numeric code PEGASUS-3D [3] has been applied. Originally the code has been developed

for simulation of brittle destruction in CFC and graphites. It has been tested against plasma gun experiments and proved reliability of its

predictions. Now it has been modified to simulate crack formation in tungsten using a model for crack generation in the resolidified

surface layer and propagation of cracks in the bulk. The model assumes that initially the resolidified layer is stress-less at the melting

temperature and then the tensile stress develops in the layer during its cooling down. First results of the simulations are reported. The

simulations reproduce tungsten crack morphology and predict the crack densities and the cracks depth. 

[1]	V.I. Tereshin, A.N. Bandura, O.V. Byrka et al. Repetitive plasma loads typical for ITER type-I ELMs: Simulation at QSPA Kh-50.

PLASMA 2005. ed. By Sadowski M.J., AIP Conference Proceedings, American Institute of Physics, 2006, V 812, p. 128-135. 

[2]	J. Linke. Private communications. 

[3]	S. Pestchanyi and I. Landman. Improvement of the CFC structure to withstand high heat flux. Fusion Engineering and Design v.

81/1-7 pp. 275-279
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A conceptual design proposal for a Blanket Module in the Neutral Beam

Injector region of ITER (P2-F-93) 

Andreas Furmanek, Patrick Lorenzetto

EFDA CSU-Garching Boltzmannstr. 2 D-85748 Garching bei München Germany

The development work carried out in Europe on the design of Standard Blanket Shield Modules for ITER has been continued with the

objective of further decreasing the fabrication and maintenance costs and demonstrating viable solutions for the most complicated

Special Shield Module of the Neutral Beam Injector (NBI) region.

A modified attachment system of First Wall Panels (FWP) to the Shield Block, using poloidal pins, has been proposed in order to

employ the same attachment technology for Plasma Facing Components (PFC) of both Blanket and Divertor Systems to reduce the

costs and to simplify the refurbishment of PFC in the Hot Cells. Additionally the mechanical components of the new attachment system

increase the engineering margins against electromagnetic loads and the modified layout of cooling circuits with the proposed

fabrication technology decreases the risk of water leakage inside the Vacuum Vessel during operation. 

 The complicated shape of the special modules of the NBI region, the expected higher thermal loads in this region and the expected

higher probability for FWP exchange required significant design changes compared to standard modules developed and reported

earlier.  This paper describes a design concept developed for the NBI module No.1 of the present ITER Blanket segmentation, with a

proposed fabrication route. It shows clearly the great advantage of the proposed fabrication technology with respect to design flexibility

and reliability compared to standard design and fabrication routes.

Keywords: ITER; Blanket Shield Module; Neutral Beam Injector; First Wall Panel
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SURFACE TEMPERATURE MEASUREMENTS: EVOLUTION OF INFRA-RED

DIAGNOSIS IN FE200 FACILITY (P2-F-95) 

Isabelle Bobin Vastra(1), F. Escourbiac(2), S. Constans(2), M. Merola(3)

1. AREVA NP  Technical Centre Porte Magenta 71200 LE CREUSOT FRANCE
2. CEA Cadarache, DSM/DRFC/SIPP, Bat 506 13108 Saint Paul lez Durance France
3. ITER Garching Joint Work Site, Max-Planck-Institut für Plasmaphysik Boltzmannstrasse 2 D-85748 Garching Germany

FE200 is an Electron beam (EB) 200KW test facility stemmed from partnership between AREVA NP Technical Centre in Le Creusot

(F), and Tore Supra team in CEA Cadarache (Euratom/CEA Association). Since 1992, it is dedicated to high heat flux testing of

pressurized water cooled plasma facing components for fusion devices, as for example the ITER and TORE SUPRA tokamaks. 

During a high heat flux testing, the heated surface of the tested component is swept by the accelerated electron beam. The heated area

parameters (dimensions, location), the shape of the flux - flat or peaked – are computed. The absorbed heat flux is measured by

calorimetry: all loop parameters are controlled with feed-back on the pressurized water loop, so that deposited heat flux onto the

component is perfectly known. During typical thermocycling testing campaigns, the deposited heat flux and heated surfaces are kept

constant. It is assumed that an increasing of infra-red surface temperature detected during the thermocycling step may be due to a

failure or a damage propagation of the tested component.

In this framework, the reliability of infra-red measurements obtained during shots to access to surface temperature on the emissive (like

materials Carbon Fiber Composite CFC), or reflective (like Tungsten or Copper alloys) is a key-parameter for the experiments analysis.

A methodology was developed at FE200 to increase the reliability of the infrared measurements. Initial calibration of our two

one-colour pyrometers (300-800°C and 800-2300°C ranges) and infra-red camera (up to 2500°C) on representative materials via a

calibration cylinder, is a preliminary step. 

With new equipments, the combination of a two colour pyrometer (1000 -3000°C) and the new CEDIP numerical infra-red camera (up

to 2600°C with adequate calibration files for each temperature range) is a significant step forward a better knowledge of surface

temperature measurement and its evolution during shot, together with the avaibility of high definition infra-red pictures, useful to better

identify the blocks, tiles or potential defects.

FE200 is an ITER relevant test bed for infrared measurements in terms of material used (in particular W and CFC), operational range of

temperatures ( typically 300 – 3000°C) and ambient parameters (secondary vacuum, ambient temperature in the range 100-200°C,

distance infra-red device – heated component ~1.5 m).

Some examples of infrared measurements on CFC and Tungsten components will be proposed.
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Ion Beam Analysis methods applied to the examination of Be//Cu joints in

hipped Be tiles for ITER first wall mock- ups (P2-F-102) 

Eric De Vito(1), Cyril Cayron(1), Hicham Khodja(2), Patrick Lorenzetto(3)

1. C.E.A. Grenoble 17 rue des Martyrs 38054 Grenoble France
2. CEA Saclay Gif-sur-Yvette-Cedex 91191 Saclay France
3. EFDA Close Support Unit Boltzmannstr. 2 85748 Garching Germany

A proposed fabrication route for ITER first wall components implies a diffusion welding step of Be tiles onto a Cu-based substrate.

However, Be has a tendency to form particularly brittle intermetallics with Cu and a lot of other elements. Insertion of interlayers may

be a solution to increase bond quality.

Applying traditional analyses to this study can be problematic because of Be toxicity and low atomic number Z. Ion Beam Analysis

methods have thus been considered together with scanning electron microscopy (SEM) and electron back-scattering diffraction (EBSD)

as complementary techniques. The following work aims at demonstrating how such techniques (used in micro-beam mode), and in

particular NRA (Nuclear Reaction Analysis) and PIXE (Particle Induced X-ray Emission) techniques, coupled with SEM/EBSD data,

can bring valuable information in this area. Quantification of data allow to obtain concentration values (provided the hypotheses on the

initial junction composition are valuable), then phase diagrams give clues about the composition and structure of the junction. SEM

retro-diffused electrons chemical contrast images and EBSD allow to characterize the presence of the awaited intermetallics, and finally

confirm or refine the conclusions of Ion Beam Analysis data quantification.

A series of reference first wall mock-ups have been analysed. Interlayer-free mock-ups reveal intermetallics which are mainly BeCu

(apparently mixed with lower quantities of BeCu2 compound). While Cr or Ti interlayers seem to behave as good Be diffusion barriers

in the sense that they prevent the formation of BeCu, they strongly interact with Cu to form CuTi2 or Cr2Ti intermetallics. In the case

of Cr, Be seems to be incorporated into the Cr layer. PIXE analysis has however been unable to characterize Al-based interlayers

(Z=13, close to the lower PIXE sensibility limit) and emphasizes one limitation of Ion Beam Analysis methods for lighter metals,

justifying the use of other complementary techniques like SEM and EBSD.

Next steps to this work will be to apply the analysis procedure described in this study on the soon coming tested mock-ups, in order to

characterize the impact of the different tests (high heat flux tests and thermal fatigue tests) on the evolution and performance of the

Be//Cu junctions.
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MD simulation: determination of the physical properties and surface

vaporization analysis of beryllium armours (P2-F-110) 

Matteo Di Prinzio, Donato Aquaro
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The erosion of the divertor and of the first wall determined on the base of the anticipated operating conditions, is a critical issue that

could affect the performance and the operating schedule of the nuclear fusion reactor ITER.

This paper deals with the analysis of beryllium thermal properties by means of MD simulations, in order to better predict thermal

behaviour of beryllium armoured PFCs in fusion devices.

The importance of this analysis is clearly connected to thermal response evaluation of PFCs to high heat flux exposure, during

off-normal events and Edge Localized Modes. The ensuing strong over-heating, in fact, produces material ablation through

vaporization of surface material layers and possible loss of melting material. The overall PFCs erosion has bearings on plasma

contamination, due to eroded material transport, and components lifetime, due to armour thickness reduction.

An important feature of beryllium is its high vapour pressure. During thermal transients the strong vaporization keeps surface

temperature relatively low but eroded thickness results high as well. Small changes in beryllium vapour pressure produce not negligible

differences in thermal analyses results.

On the basis of available force fields, classical Molecular Dynamics simulations have been carried out in order to better understand

surface vaporization in tokamak conditions and to evaluate the effect of  beryllium oxides formation. This effect has been successfully

modelled by MD simulation, carried out with Moldy code. Morse stretching and bending potential for Be–O bond simulation have been

used, and partial charges method, accounting for molecular polarity, has been employed.

Since during short thermal transients, such as ELMs, only a few microns of Be armour will be overheated and reach melting threshold,

the effective thermal conductivity is very important in determining the temperature evolution of surface layers and the ensuing erosion.

Thermal conductivity can be evaluated by computing the time correlation function for  the energy current. 

The virial equation has been employed in computing pressure during MD simulations at temperature close to phase change conditions.

Clapeyron’s relation has then been used to evaluate vapour pressure and vaporization latent heat for beryllium. 

Finally non-equilibrium MD simulations have been carried out to better understand and evaluate surface vaporization at typical vacuum

conditions foreseen for ITER and future tokamaks.

Results show the importance of oxides formation in determining the effective values for thermal conductivity and vapour pressure of

beryllium.
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(SNECMA) UNDER MOISTURE (P2-F-111) 
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A dramatic exothermic reaction with aluminium, a carbide forming metal, has been observed in Tore Supra. A small rod of 30 mm3,

acting as a temperature proof, was enclosed in a blind hole of a thermally loaded  low density PAN fiber CFC 1001Z block (SGL),

which reached a temperature of about 1300 °C during plasma operation. The molten aluminium had penetrated the carbon matrix

through to the block’s front surface. After component removal and roughly 2 months of exposure to air in the laboratory, the CFC in

front of the blind hole was found to have been locally destroyed over a crater-shaped structure of 2 cm diameter. This was due to an

enhanced decomposition of aluminium carbide to aluminium hydroxide. 

Beryllium (Be), also a carbide forming metal, is used on the ITER first wall. Carbon reinforced carbon (CFC) of type NB31 (Snecma)

covers the vertical divertor targets. It is expected that beryllium material will be transported during normal and/or off normal plasma

operation to the carbon based divertor targets to form beryllium carbide. During air venting or a supposed accidental in-vessel water

leak event, it will react exothermically under moisture to beryllium oxide. 

In order to investigate to which extent the CFC structure could be modified or eventually destroyed, this reaction process has been

simulated with a CFC block NB31 of size 16x32x20 mm3, where about 40 mm3 of Be S65 C (Brush Wellmann) has been placed in a

previously drilled blind hole of 4 mm diameter oriented parallel to the high conductivity pitch fibers. When melted, by heating the CFC

block, the Be penetrated in the carbon matrix through to the block’s front surface. The front surface of the CFC was then exposed to

humidity (tap water) for about 2 weeks and then stored for a further 2 months in a closed vinyl bag under atmospheric pressure after

which the sample was analysed. After the exposure of the CFC to humidity, reaction products have been detected at the surface of the

carbon fibre composite material in front of the blind hole. While SEM analyses using a secondary electron and back scattering electron

detector and EDX on this contaminated area revealed  the presence of a carbon layer and BeO, no substantial macroscopic CFC surface

destructions were visible. 

The experimental description of both experiments will be given and detailed analyses reported.
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For steady state magnetic thermonuclear fusion devices, actively cooled plasma facing components (PFC) have been developed in order

to enable a large power exhaust capability up to 10 to 20 MW/m². Therefore, PFC commissioning became a key issue for actively

cooled fusion devices. The thermal and mechanical behaviour of the PFC’s must be assessed in order to guarantee the integrity of the

components during the requirement lifetime. In order to improve the thermal discontinuity detection capability of the SATIR method,

the possibility of infrared data amalgamation with LOCKIN test has been assessed. The SATIR method - French acronym of Station

d’Acquisition et Traitement Infrarouge - is based on infrared measurements of tile surface temperature during a thermal transient

produced by successive hot/cold water flowing through the heat sink cooling channel. The LOCKIN technique is based on an external

sinusoidal thermal excitation generated by a set of modulated flash lamp pulses. The phase shifting of the thermal response of the

inspected component is recorded by means of an infrared device. It depends on the thermal diffusivity along the heat path, indicating

the presence of cracks or failures in the component. A data combination by these two techniques led to an improvement of the global

interface control.

The data merging of the two infrared images – SATIR and LOCKIN – on W7X targets improved significantly the detection sensibility

and reliability in the sense of defect location and size, both at the first (CFC/Cuofhc) and second (CuCrZr/Cuofhc) bonding interface.

This original study showed a detection improvement of 24% for LOCKIN and 10% for SATIR method. This method has been

developed on a calibrated strip defect of 2mm and then applied on a natural defect. The data merging method of infrared images using

the fuzzy logic and Dempster-Shafer's model will be presented.

Remember that W7X targets are made of Carbon Fiber Composite flat tiles, thickness of 8mm, bonded to a

Copper-Chromium-Zirconium alloy heat sink through a compliant layer of soft copper.

213



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: F - Plasma Facing Components

Developments toward the use of tungsten as armour material in plasma

facing components promoted by Euratom-CEA Association (P2-F-113) 

Raphael MITTEAU(1), Jean Michel Missiaen(2), Pascal Brustolin(3)

1. Association Euratom-CEA, DSM, DRFC CEA Cadarache 13108 St Paul Lez Durance France
2. LTPCM, Grenoble 1,b 38000 Grenoble France
3. IS 1,b 99999 Yutz France

Tungsten is increasingly considered as a prime candidate armour material facing the plasma in fusion experiments (ASDEX, JET,

ITER). This material is, however, a challenge for the engineers due to its brittleness at room temperature. Its bonding to structural or

cooled substrates is a critical issue. The Euratom-CEA Association promotes the development of evolutionary techniques aiming to

produce high performance assemblies between tungsten and various substrates. These are 1) functionally graded tungsten to copper, 2)

direct electron beam welding of tungsten to Mo-alloy TZM and 3) the characterisation of tungsten coatings deposited on carbon fibre

composite by high energy deposition processes.

1) A functionally graded material eliminates the singular point which weakens the heterogeneous assembly, reducing the stresses and

allowing a better behaviour. The sintering of submicronic W-Cu powders is investigated. The green shape is processed from W-CuO

powder, which is reduced by a hydrogen flow. The compaction and sintering of layers of various compositions (10 to 30 % Cu)

produces an assembly (density of ~ 94%) with a good cohesion. However, the gradient is not effectively controlled, because of the

migration of melt copper during the sintering. Future work aims to improve the process by using spark or microwave assisted sintering.

2) Electron beam welding of Mo-alloy TZM is investigated, to produce high temperature components required by radiation cooled

PFCs. They require only mechanical properties and no vacuum sealing. The driving line is to use simple tungsten shapes to reduce the

milling cost. In spite of low weldable properties of the refractory alloys, a good bonding up to a depth of 5 mm is obtained. Hardness

measurements show that the melt area and the heat affected zone are harder than TZM, the weakest materials at 230Hv. Quench tests in

water from up to 2000°C are done without apparent crack formation.

3) Finally, characterisation techniques are developed for tungsten coating. The coatings are manufactured by MEdC-Euratom

Association using Combined Magnetron Sputtering and Ion Implantation and Thermo-ionic Vacuum Arc. The coating morphology is

characterised by an electron microscope using a focused ion beam. The adhesion between the coating and substrate is studied. The

thermal lock-in technique is investigated to develop a non destructive test allowing to check the coating homogeneity, and its adhesion

to the substrate.
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Work is in progress to completely replace, in 2008, the JET existing CFC tiles with a configuration of plasma facing materials

consistent with the ITER design. The ITER-like Wall (ILW) will be created with a combination of beryllium (Be), tungsten (W),

W-Coated CFC and Be-Coated inconel tiles, with the material depending on the local anticipated heat flux and geometry required. 

Over 2000 tiles will be replaced and the ILW will accommodate additional heating up to at least 50 MW for 10 s.  This paper describes

the generic problems associated with Be tiles (power handling capacity and disruption induced eddy currents) and illustrates specific

design cases.

As with the existing first wall components, the Be tiles will be inertially cooled and the Be melting temperature of only 1289°C will

drive their power handling performance.  At 40 mm typical thickness, the tiles are “thermally thick” for typical 10 s. shots and will

handle about 60 MJ/m2 without melting.  Surface castellations and kinematic restraints minimise thermally induced stresses.  As the

thermal flux arrives along near toroidal directions, the design keeps the exposed depth of poloidally running edges to low levels: down

to 40 microns in the most severe positions. This limit strongly constrains the dimensions of the castellation grooves and the placing of

the cuts described below.

During disruptions, Be tiles are subjected to eddy current torques due to the combination of large changes in magnetic field (typically

100 T/s), high magnetic fields (B(tor) ~ 4 T in the centre of the plasma) and the low resistivity of Be (8 E-8 Ohm-m at 200°C, the

minimum operating temperature of JET).  The ILW Be tiles will manage these torques via a combination of the castellations, along

with cuts which will interrupt the eddy current loops.  The cuts result in the division of the tiles into several slices which require inconel

carrier “toast racks” for support.  Example cases will show FEA results of eddy current torque and mechanical stresses in slices and

carriers.  The computation of halo current forces and the design features required to minimise and accommodate them will also be

included.

This work was performed under the European Fusion Development Agreement and is complementary to the work on power handling

and associated tile surface shaping on the JET ILW Be tiles being presented in a separate paper by I. Nunes et al.

215



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: F - Plasma Facing Components

High heat flux tests of the WENDELSTEIN 7-X pre-series target elements -

experimental evaluation of the thermo-mechanical behaviour- (P2-F-116) 

Henri Greuner(1), Bernd Böswirth(1), Jean Boscary(1), Arno Plankensteiner(2), Bertram Schedler(2)

1. Max-Planck-Institut für Plasmaphysik Boltzmannstr. 2 85748 Garching Germany
2. PLANSEE SE, Technology Center Postbox 6600 Reutte Austria

The HHF testing of WENDELSTEIN 7-X pre-series target elements is an indispensable step in the qualification of the manufacturing

process. 

The finally 890 divertor target elements are made of an actively water-cooled CuCrZr heat sink covered with flat tiles of CFC NB31 as

plasma facing material. A set of 20 full scale pre-series elements was manufactured by PLANSEE to validate the materials and

manufacturing technologies prior to the start of the series production.

Due to the large mismatch in the coefficients of thermal expansion for CFC and CuCrZr – resulting in high residual stresses as well as

high operation-induced stresses – the bonding zone between CFC and CuCrZr was detected to be the most critical issue for the

operational behaviour of the target elements. To achieve a sufficiently high manufacturing quality together with a high lifetime during

operation thermal testing of full scale mockups was performed in combination with extensive FEM analyses. In both cases heat loads

were applied similar to the expected heat loads in W7-X.

All pre-series elements were tested in the ion beam test facility GLADIS. The elements were tested with 100 cycles of 10 MW/m² and

several elements with even higher cycle numbers and heat loads up to 24 MW/m². The instrumentation of the targets (thermocouples,

strain gages) and the infrared camera observation of the heat loaded surface allow an experimental evaluation of the thermo-mechanical

behaviour of the tested elements.

The main result is a good agreement between experimental data and numerically computed predictions. Hot spots were, however,

observed at the edges of several tiles during the HHF tests indicating local bonding problems. Therefore, a programme of fully 3D

nonlinear thermal-mechanical FEM calculations was started to evaluate the thermo-mechanical behavior of the target elements with

special focus on the optimization of the stress situation in the bonding zone between the CFC and the CuCrZr heat sink. 

This paper presents detailed results of the spatial and temporal temperature distributions, and their changes during the first 100 load

pulses.  In addition, measured and calculated strains are discussed. The measured temperatures and strains compared with FEM

calculations confirm the chosen FEM approach. This allows a component optimisation to achieve a successful series production of the

W7-X divertor target elements.

216



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: F - Plasma Facing Components

Investigation of Tungsten and Beryllium Behaviour under Short Transient

Events (P2-F-158) 

Gerald Pintsuk, Winfried Kühnlein, Jochen Linke, Manfred Rödig

Forschungszentrum Jülich GmbH, EURATOM-Association  D-52425 Jülich 52425 Jülich Germany

The electron beam facility JUDITH is a rather versatile test facility for the simulation of high heat fluxes. One key issue is the

simulation of the material performance under short transient events. The study of melting behaviour and crack formation, which occurs

even for heat pulses below the melting threshold of the metals, is of huge importance for the qualification of materials for future nuclear

devices.

Heat load simulations at RT with a pulse length of 5 ms have been performed on beryllium (S65C), the ITER candidate material for the

first wall, at power loads of 0.5 – 2 GW/m2. Crack formation, surface roughening and melt layer motion has been studied. Similar

conditions during single and multiple shots below and above the melting threshold (~50 MW•m-2•s1/2) have been applied to tungsten.

Since its material properties are dependent on grain size and shape, 3 different grades have been tested in an as-delivered state: 1)

deformed tungsten aligned in deformation direction, which corresponds to the actual ITER specification for tungsten used in the

divertor; 2) deformed tungsten aligned perpendicular to the deformation direction; 3) sintered tungsten.

Significant differences in the crack resistance and the crack pattern of the various tungsten grades below the melting threshold have

been determined and further material degradation has been found after multiple shots. This is of importance also in regard to expected

ELM loads in ITER, in which power densities below the melting threshold are applied at a high repetition rate (~1 Hz). Crack

formation for sintered tungsten starts at ~20 MW•m-2•s1/2. The cracks are located across the loaded area and increase in number,

length and width with increasing power load. In comparison to that for deformed tungsten cracking was first detected at ~35

MW•m-2•s1/2. Whereas for tungsten aligned in deformation direction a crack pattern comparable to those of sintered tungsten was

formed, tungsten aligned perpendicular formed straight cracks following the deformation direction just outside the loaded area. In

microstructural and metallographic studies the material damage has been qualified and quantified. Doing so the material’s ability to

avoid premature material and component failure during ITER operation as well as plasma contamination by evaporating tungsten

particles even without melting, which would be comparable to carbon composites where it is called “brittle destruction”, has been

characterized.
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In modern steady state magnetic fusion devices, actively cooled plasma facing components (PFC) have to handle heat fluxes in the

range of 10-20 MW/m². This generates a number of engineering constraints: the armour materials must be refractory and compatible

with plasma wall interaction requirements (low sputtering and/or low atomic number); the heat sink must offer high thermal

conductivity, high mechanical resistance and sufficient ductility; the component cooling system -which is generally based on the

circulation of pressurized water in the PFC’s heat sink -must offer high thermal heat transfer efficiency. Furthermore, the assembling of

the refractory armour material onto the metallic heat sink causes generic difficulties strongly depending on thermo-mechanical

properties of materials and design requirements. Life time of the PFC during plasma operation are linked to their manufacturing quality,

in particular they are reduced by the possible presence of flaw assembling. The fabrication of PFC in an industrial frame including their

qualification and their commissioning - which consists in checking the manufacturing quality during and at the end of manufacture - is

a real challenge. From experience gained at Tore Supra on carbon fibre composite flat tiles technology components, it was assessed that

a set of qualifications activities must be operated during R&D and manufacturing phases. Dedicated Non Destructive Technique (NDT)

based on advanced active infrared thermography was developed for this purpose, afterwards, correlations between NDT, high heat flux

testing and thermomechanical modelling were performed to analyse damage detection and propagation, and define an acceptance

criteria valuable for industrial application. Health monitoring using lock-in technique was also recently operated in-situ of the Tore

Supra tokamak for detection of possible defect propagation during operations, presence of acoustic precursor for critical heat flux

detection induced by defect propagation is also investigated.

PFC qualification, commissioning and health monitoring will be discussed in this paper and illustrated by experimental data and

modelling from the Tore Supra experience and studies on the monoblock geometry for the ITER divertor vertical target.
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The plasma-facing surfaces of the ITER divertor are armoured with tungsten in the upper part of the inner and outer vertical targets and

carbon-fibre composite (CFC) in the lower part, the region where the scrape-off layer intercepts the divertor. The CFC in the form of a

monoblock in the vertical target is the most loaded part of the plasma-facing surfaces, and hence it is subjected to high erosion and has

a significant risk of failure. 

A program has been developed with the aim of understanding the impact on the erosion lifetime and on the probability of a critical heat

flux event in the heat sink of a combination of two main effects: the material property variations (particularly pronounced in CFC) and

the presence of joining defects. The software allows the evolution of the surface profile of the armour to be predicted and the margin on

critical heat flux at the heat-sink-to-coolant interface to be estimated for a range of postulated defects, for start-of-life through to

end-of-life of the component. 

In assessing erosion, the code takes account of geometry and sublimation, and physical and chemical erosion of the CFC armour. The

code allows the computation of the effect of normal and off-normal (ELMs, etc.) operation. The incident angle (a glancing angle of a

few degrees) of the particle and heat flux onto the target is taken into account. The program has been validated by comparison with

analytical approximations and experimental data.

The code has been developed in APDL language to operate inside a commercial and certificate finite element program such as ANSYS.
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As heat exhaust capability and lifetime of plasma-facing component (PFC) during in-situ operation are linked to the manufacturing

quality, a set of non-destructive testing must be operated during R&D and manufacturing phases. Within this framework, advanced

non-destructive examination (NDE) methods are one of the key issues to achieve a high level of quality and reliability of joining

techniques in the production of high heat flux components but also to develop and built successfully PFCs for a next generation of

fusion devices. In this frame, two NDE infrared thermographic approaches, which have been recently applied to the qualification of

CFC target elements of the W7-X divertor during the first series production will be discussed in this paper. 

The first one, developed by CEA (SATIR facility) and used with successfully to the control of the mass-produced actively cooled PFCs

on Tore Supra, is based on the transient thermography where the testing protocol consists in inducing a thermal transient within the heat

sink structure by an alternative hot/cold water flow. The second one, recently developed by PLANSEE (ARGUS facility), is based on

the pulsed thermography where the component is heated externally by a single powerful flash of light.

Results obtained on qualification experiences performed during the first series production of W7-X divertor components representing

about thirty mock-ups with artificial and manufacturing defects, demonstrated the capabilities of these two methods and raised the

efficiency of inspection to a level which is appropriate for industrial application.

This comparative study, associated to a cross-checking analysis between the high heat flux performance tests and these inspection

methods by infrared thermography, showed a good reproducibility and allowed to set a detectable limit specific at each method.

Finally, the detectability of relevant defects showed excellent coincidence with thermal images obtained from high heat flux tests,

allowing to define workable acceptance criteria valuable for series application.
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The geometry of the lower divertor of the DIII-D tokamak was modified to provide improved density control of the tokamak plasma

during operation in a high-triangularity double null plasma. This divertor replaces the low triangularity Advanced Divertor in use since

1990. The design, analysis and fabrication were completed in 2005 and the installation was completed in March 2006. Plasma

operations are planned for June 2006.

The primary component of the lower divertor is a toroidally continuous flat cooling plate. Three rows of graphite tiles are mechanically

attached to the plate to shield it from plasma impingement. The plate is water cooled for heat removal between shots and is heated to

350°C with hot air and inductive current during vessel baking. The divertor ring is supported 100 mm from the vacuum vessel floor by

two rows of 24 supports that must react the vertical loads due to halo currents. The space below the ring forms a pumping plenum

between the floor strike point and the lower cryopump.

The divertor plate was fabricated by the Institute of Plasma Physics, Chinese Academy of Sciences (ASIPP) in four 90 degree sectors

from Type 316 stainless. Each sector consists of two plate halves with three machined coolant channels connected in parallel. Two

plate halves are joined together by spot welds and perimeter TIG welds.

During installation, the vacuum-tight 90 degree panel sectors were aligned and welded together inside the vessel forming a toroidally

continuous ring. The water cooling/air bakeout lines connecting the 4 sectors into two 180 degree cooling circuits were then welded in

place. The vacuum boundary for the cooling/air bakeout lines uses a reverse conflat design with the tubes welded into a modified,

outward facing conflat flange. This design provides for copper gasket seal replacement without disturbing any welds.

Plasma facing tile designs have been modified from previous designs to eliminate holes in high heat flux areas. Upgraded floor tiles

located in-board of the ring improved the target for the plasma strike point. Thermal analysis was done on the UCAR ATJ graphite tiles

that cover the divertor shelf and vessel floor. The relatively narrow heat flux profiles induced thermal stresses greater than the allowed

limits for ATJ graphite. These analytical results have placed restrictions on tile heating in order to ensure tile integrity.

This work was supported by the US Department of Energy under DE-FC02-04ER54698.
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In DT fusion reactors, plasma facing materials (PFMs) are bombarded with 14 MeV fast neutrons together with fuel and impurity ions.

When the PFMs are bombarded with the fast neutrons, they generate irradiation damages in the materials. However, the effect of fuel

ion irradiation on the materials with the damages is not understood well. In this study, the hydrogen blister formation has been

investigated to understand characteristics of hydrogen diffusion and trapping in the damaged tungsten.

The irradiation damages were produced by the bombardment of high-energy hydrogen negative ion beam by MeV Test Facility (MTF)

at Japan Atomic Energy Agency. Negative hydrogen beam energy, sample temperature, and irradiation damages at the depth of 3.3 um

were 700 keV, ~473 K, and ~3.5 dpa, respectively. Low-energy hydrogen and carbon mixed ion beam (carbon concentration of ~0.9 %)

was irradiated to the tungsten samples (99.95 wt.%) with and without the damages by High Flux Ion beam Test device (HiFIT). The

mixed ion beam energy, fluence, and sample temperature were 1 keV (mainly 333 eV H^+), 7.5 x 10^{24} /m^2, and ~473 K,

respectively. Surface morphology of the irradiated tungsten by HiFIT was observed by SEM.

The number density of blisters decreased from ~3500 blisters/mm^2 (tungsten without the damages) to ~370 blisters/mm^2 (~0.3 dpa

damaged tungsten). Especially, the number of blisters with a diameter of 10 um or less was decreased. By increasing the damages to

about 3.5 dpa, the number density of blisters was further decreased (~100 blisters/mm^2).

The effect of annealing of the damaged tungsten on blister formation was also studied. By the annealing of the tungsten with the

damages of about 0.3 dpa at 723 K for 60 min, under which monovacancies migrate and recombine with self-interstitial atom (SIA)

clusters, the number density of blisters was not significantly changed (~480 blisters/mm^2) compared with no annealing case. In the

case of 1143 K for 700 min under which the single vacancies aggregate into vacancy clusters, the number density of blisters was not

also significantly changed (~540 blisters/mm^2). It was found that the size distribution of blisters on the pure tungsten surface is

affected by the irradiation damages produced by 700 keV hydrogen negative ion beam bombardment. In addition the irradiation

damages affecting to the blister formation is not recovered by annealing less than 1143 K.
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In magnetic confinement systems like ITER and DEMO, Type I ELMs are one of the major concerns for plasma facing materials

(PFMs)[1]. The severe damage caused by them could be avoided by using recently developed ELM mitigation techniques (e.g. ELM

pace making by pellet injection[2]). Even under the mitigated conditions, however, change of surface temperature with a frequency of

several Hz causes thermal fatigue and can lead to cracking and exfoliation. This phenomena could further reduce a tolerable limit of

ELM pulse energy and should be investigated in detail. However, experimental studies on this issue are not sufficient so far.

In this study, the effects of repetitive laser pulses (up to 200,000 pulses) on tungsten surface morphology were studied by using a

fundamental wave (wavelength of 1.06 micro-m) of a YAG laser (Spectra Physics co.). The YAG laser was operated in a multi-pulsed

mode with an effective pulse length of about 100 micro-m, typical pulse length of ELMs. Pulse energy and a repetition rate are 1.25

J/pulse and 10 Hz. Energy fluxes to tungsten samples were changed from 17 MW/cm2 to 0.17 MW/cm2 by changing spot sizes of the

laser beam (energy absorption rate is about 30%). Tungsten samples used in this study were sintered tungsten with mirror finished

surfaces. A base temperature was 500 deg C at first and increased up to about 650 deg C by laser pulse heating.

The surface morphology of the tungsten samples was not changed by single-shot irradiation with the energy flux up to 2.5 MW/cm2,

over which melt layer was observed (ablation took place in 17 MW/cm2). Even under these non-melting conditions, surface roughness

developed by repetitive pulse irradiation. For 1.0 MW/cm2, surface roughness of about 20 micro-m appeared in 10,000 shots. Under a

very low energy flux condition such as 0.17 MW/cm2, where a temperature rise during laser pulse irradiation could be only about 400

K, surface roughness (an order of 10 micro-m) appeared in 50,000 shots and developed till 200,000 shots. This result indicates that a

special care on the effects of very low energy repetitive heat pulse must be taken to evaluate feasibility of tungsten as PFMs. 

[1] G. Federici, et al., J. Nucl. Mater. 313-316 (2003) 11.

[2] A. Kallenbach, et al., J. Nucl. Mater. 337-339 (2005) 732.
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From the view point of tritium safety in fusion reactors, it is important to understand effect of implantation conditions, such as

temperature and energy, on chemical behavior of tritium implanted into plasma facing materials. Graphite will be employed as a

material for divertor in ITER, of which temperature will be kept at approximately 700 K during operation. Therefore, it is important to

understand temperature dependence on retention behavior of tritium implanted into graphite. 

In the present study, dynamics of deuterium implanted into graphite in various temperatures was studied, using the techniques of

Thermal Desorption Spectroscopy (TDS) and X-ray Photoelectron Spectroscopy (XPS).

A highly oriented pyrolytic graphite (HOPG) crystal purchased from Pechiney Co. Ltd. was used as a sample. Before deuterium ion

implantation, the sample was preheated at ~1400 K for 10 min in ultra high vacuum. Deuterium ion was implanted into HOPG with an

energy of 1.0 keV D2+, a flux of 1.0×1018 D+ m-2 s-1, and a fluence of 6.4×1021 D+ m-2 at various temperatures ranging from 173 to

773 K. The deuterium desorption behavior was evaluated by TDS with the heating rate of 0.5 K s-1 up to 1400 K to investigate

implantation temperature dependence of deuterium retention.

It was found that deuterium implanted into HOPG was trapped in two chemical states: one is deuterium bound to carbon whose

desorption temperature corresponded to approximately 900 K and the other is that remained in carbon vacancy whose temperature was

at approximately 1000 K. It was also found that the decrease of deuterium retention up to around 700 K was mainly due to the recovery

of carbon vacancy and the decrease of deuterium retention above 700 K was due to the detrapping from carbon and the recovery of

carbon vacancy. Comparing to the deuterium retention after deuterium ion implantation at each temperature, the deuterium retention in

HOPG decreased as the implantation temperature increased. The deuterium retention at 700 K was reached less than 20% compared to

that at R.T. These results suggest that tritium trapped by carbon wouldn’t release in ITER operation condition of approximately 700 K.

In the presentation, retention behavior of deuterium implanted into graphite will be discussed more in detail by combination of TDS

and XPS results.
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JT-60 is planning to modify the machine as a fully superconducting coil tokamak (JT-60 Super Advanced, the former JT-60SC and

NCT) to establish scientific and technological bases for an economically and environmentally attractive DEMO reactor. It will be also a

satellite tokamak in a part of broader approach for ITER. It is designed for high beta (betaN=3.5-5.5) and steady-state research in a

break-even class DD plasma for 100s or longer. Nominal plasma parameters are Ip=5.5MA, Bt=2.7T, R=3.01m, a=1.14m with

double-null configuration. An ITER-like single-null configuration with Ip=3.5MA, Bt=2.6T can be also operated.

In order to study the ITER-relevant high confinement plasma with high density, designed plasma heating power was enhanced from

25MW to 41MW for 100s through the design review with EU and Japan. The heat flux onto outer divertor target exceeds 10MW/m2

with moderate radiative fraction of 50-60% in single-null configuration. Therefore, the ITER-like mono-block CFC target will be

adopted to aim at power handling of 15MW/m2. A cooling water system should be reinforced 3 times from original design for double

null divertor with high coolant flow velocity of ~10m/s.

The peak heat flux onto the neutral beam armor for perpendicular injected positive NB is evaluated to be 2MW/m2, which needs to be

actively water-cooled. A bolt-fixed CFC tile was tested at the heat flux of 1-3 MW/m2 and will be applied to the NB armor.

In order to improve plasma beta value by enhancing wall stabilization effect, passive-stabilizing plates, which are electrically and

mechanically connected in poloidal and toroidal direction, will be installed near the plasma surface (rwall/a=1.1-1.3) at the outboard

side. Stabilizing plate has double-wall ribbed structure and can be operated at 573K with heating nitrogen gas instead of cooling water

between double walls. It has crank-type support legs to allow thermal expansion at high temperature operation. 

The remote handling capability for in-vessel components should be required due to the increase in the neutron budget by an order of

magnitude with respect to the original design. Upper and lower divertor cassettes and inboard first wall units should be designed to be

exchangeable by the ITER-like remote handling system. 

Design modification for the increase of heating power and neutron budget will be completed in the end of 2006 under the conceptual

design activity in the collaboration with EU and Japan.
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In December 2005, the new procurement allocation plan of the ITER components among the seven Parties was prepared. The need to

qualify for procurement of the specific components was especially introduced in the document. The main features and milestones of the

qualification program are described in "Procurement Plan" for each specific component.  The management rules for cases of failure in

the qualification are also documented in the Procurement Plan. Due to the complicated features of FW procurement (by 6 Parties: CN,

EU, JA, KO, RF and US), the procurement document has to be developed precisely. To guarantee high quality of 1700 FW panels

produced by 6 different Parties, a qualification program is essential.

The qualification mock-up is 80mm wide, 240mm long and 81mm thick with 3 beryllium tiles 10 mm thick. Three identical mock-ups

will be fabricated by each of the 6 Parties in 2006-2007 with the same method as for the ITER first wall panels.  Heat load tests will be

performed on the qualification mock-ups in 2007 in EU and USA facilities.  During the testing, the coolant velocity is reduced to 1-2

m/s instead of 4.5m/s to simulate the nuclear heating. The cycle time of the test will be ~4 minutes. When the heat flux is increased by

~40%, the cycle time can be ~90 sec according to thermal and stress analysis. The maximum design heat load on the ITER FW is 0.5

MW/m2 (steady state) x 30,000 shots.  The heat load due to NB shine-through to achieve H-mode plasma during the hydrogen phase

will be 1 MW/m2 in a certain area of the outboard equatorial region (total 1,000 shots for 2.5 years). The maximum heat flux due to

MARFE: 0.5-1.4 MW/m2 (up to 10 sec duration) also needs to be taken into account in the heat load test conditions. Mechanical tests

of joints are also required using standardized methods. 

Only Parties which have satisfied the acceptance criteria of the qualification tests can proceed to the procurement stage of the ITER

FW. Semi-prototypes (roughly 1000 mm x 200 mm) are also requested before the ITER FW manufacturing. 

As a part of the qualification program, Parties have proposed "new materials" to be qualified, such as new beryllium materials, cast

CuCrZr, powder HIPed CuCrZr and 316 L(N). New beryllium materials shall be tested together with the reference material S65C for

comparison. Irradiation tests of the new beryllium materials will be required (unless very similar materials are already irradiated).
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The expected heat flux for specific plasma facing components in ITER is in the same range (10-20 MW/m²) as those observed in

electron tubes. Historically, the concepts with enhanced cooling capabilities implying boiling/condensation effects based on a fin/slot

design named hypervapotron were developed by Thomson CSF tube.

This cooling concept adapted to a CuCrZr heat sink armoured with CFC or W was envisaged for the vertical targets of the ITER

divertor [1]. Although this hypervapotron cooling concept is very efficient, the different thermalhydraulic phenomena coupled with

turbulence are not well mastered. Consequently, both the geometric and thermalhydraulic optimization of this concept are difficult

without the help of numerous experiments or detailed numerical simulations.

In order to help optimize the hypervapotron concept, 3D numerical simulations have been performed with the Neptune CFD and

Syrthes computer codes for two slots. The Neptune CFD code is dedicated to local two-phase thermalhydraulic studies while the

Syrthes code calculates the heat conduction in solid parts. A finite volume method with collocated unknowns is used for all variables. A

derived model based on the Podowski's approach has been implemented for the heat transfer between the heated wall and the subcooled

fluid. The whole boiling curve (forced convection, nucleate, transition and film boiling), the process of vapour generation in the slots

between two adjacent fins, the subsequent vapour transport, and condensation outside the fins into the subcooled liquid bulk can thus be

simulated.

Numerical results are analysed and discussed. Comparisons of wall temperatures with both experimental measurements and former 2D

numerical simulations [2] are presented. Results are satisfactory and very promising for future investigations. Wall temperature

calculations compare quite well to the available measurements, and exhibit the same behavior versus the incident heat flux.

[1]	F. Escourbiac and A. Durocher and A. Grosman and X. Courtois and J.L. Farjon and J. Schlosser and M. Merola and R. Tivey,

Actively cooled plasma facing components qualification, commisionning and health monitoring, SOFT 2006 - Topic F, Warsaw,

Poland, 11-15 Sept., 2006

[2]	S. Pascal-Ribot and N. Seiler-Marie and M. Grandotto,

First Step in Simulations of Hypervapotron Cooling Concept for Fusion Applications, NURETH-11, Avignon, France, 2-6 Oct., 2005.

., 2005.
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The plasma facing high heat flux components to be used in the Divertor of long pulsed nuclear fusion experiments like Tore Supra,

Wendelstein 7-X or ITER require joints between Carbon-Carbon-Composites (C/C) and copper. Beside residual stresses resulting from

the manufacture these joints have to sustain thermo-mechanical stresses that are superimposed during the experiment. Up to now shear

tests of the joint and thermal fatigue tests of components have been employed to qualify this crucial joint. The latter is close to the final

application, whereas the first one can be easily used for quality assurance during the manufacture. 

Recently obtained results from high heat flux tests and latest finite element calculations have revealed that the shear strength level

determined after manufacture does not appear as a sufficient method to predict the performance of the C/C to copper joint under high

heat flux.  To complement the characterisation of this crucial joint three different approaches are currently employed at PLANSEE for

the judgement of this joint. 

Firstly, the joint is characterized by a shear test after repeated thermal quenching. It is assumed that such a quenching generates at least

microcracks, which reduce the integral capability of the joint to transfer mechanical loads. A comparison of the shear values obtained

on quenched samples to the shear value obtained directly after manufacture gives a measure to determine the thermal shock resistance

of the joints. In addition tensile test and shear test samples are employed to characterise the joint at different temperatures.  Finally,

possibilities have been investigated to characterize the performance of the joint in the presence of a crack. For that purpose a method

based on notched 3-point bending specimens has been developed. This allows to determine the fracture toughness of the joint revealing

a good correlation with the reduction of the shear strength after quenching of the C/C to copper joints.    

Besides the description of the different test methods the paper also presents results obtained with the above test methods for selected

C/C to copper joints.
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Plasma Facing Components used in all advanced nuclear fusion experiments and in particular for ITER consist of heat sinks made of

the precipitation hardened CuCrZr alloy. This material has been selected due to the requirements regarding thermal and mechanical

properties with and without the presence of neutrons. The divertor parts which are highly heat loaded are actively cooled and are

assembled onto weld stainless steel pressure vessels of grade 316L. Therefore these plasma facing parts need a transition in the cooling

pipes from CuCrZr to 316L which withstands the internal pressure, the fatigue loads and remains leak tight during operation. 

As direct fusion welding of CuCrZr with 316L is regarded as critical due to metallurgical issues, the current design uses a transition of

Ni – sleeve which is welded onto the CuCrZr and 316L, respectively. However, there is still some concern for the mechanically

constraint region of the inlet coolant that this intermediate adapter is the weakest point and could fail due to strongly localised

plasticity. The aim of this project is to investigate alternative solutions for the transition of CuCrZr / 316L, to down-select the most

promising candidate and finally qualify a new improved tubular transition system. 

Basic EB welding experiments have been carried out on CuCrZr / 316L tubular samples using different adapter and filler materials. The

adapter materials, e.g. Inconel 625 and Monel K500, were chosen due to their high temperature strength and good weldability with

respect to Cu – alloys and austenitic steels. In case of the investigated filler metals Ni and Ti the intention was to control the dilution

and to produce a fine grained weld zone with no formation of detrimental phases.  As a further option the use of an explosively welded

CuCrZr/316L adapter was evaluated. The application of such an adapter would simplify the issue to the welding of CuCrZr / CuCrZr

and 316L / 316L respectively.

In the characterisation programme the samples were first characterised by non destructive testing and metallographic examination. An

indication on the mechanical properties was gained by tensile testing of welded samples at RT and 400°C. 

After the down-selection of the most promising candidate test samples were manufactured for the qualification programme. Besides the

general requirements for the application as cooling system the qualification programme considered tensile testing at different

temperatures, fatigue and torsion testing as well as inspection regarding leak tightness.
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For future application in a fusion power system a He cooled divertor concept is investigated under the framework of EFDA, which is

projected to remove heat loads of up to 15 MW/m². This divertor design is in all variations based on a modular arrangement of cooling

fingers, which have to be fabricated from W alloys to fulfill the requirements. Due to the extreme physical and mechanical properties

shaping of the required W parts is by the state off the art only possible applying spark erosion methods (EDM), which introduce

microstructural defects into W and are rather cost intensive.

A more adapted technology to line production in steel working is the ECM process (Electro-Chemical-Machining). ECM produces

there smooth and defect free surfaces at low costs. However, standard ECM processes have up to yet no industrial application in W

machining due to strong technological problems and first tests failed by passivation effects as a result of the unique properties of W.

Based on the knowledge of process restrictions and advantages on the one hand and physical and electro-chemical properties of W on

the other hand a systematical development program was launched. The first step named analyzing of the electrochemical behavior of W

was successfully performed and passivation effects could be eliminated. In the second step different technologies and paths for

fabrication of microstructured W parts were selected. The analyzed shaping processes can be divided into the two main categories

M-ECM and C-ECM. M-ECM represents the route working with a W work piece (anode) covered by a structured mask and applying a

flat unstructured electrode as cathode. Process parameters (e.g. current density, pH-values) and masking technology (e.g. resist type,

structuring method) were varied concerning replication truth, under etching, wall steepness and structuring depth. In contrast to

M-ECM, C-ECM is working with a (in negative shape) structured cathode which is copied by electro-chemical solution into the work

piece. The first tests were directed to demonstrate that W can be successfully structured by C-ECM. The subsequently performed tests

analyzed impacts of e.g. distances (tool to work piece), pH range and current densities on structure. Both routes can be divided into 2

additional sub paths depending on the type of current flow (DC or pulsed current). In this contribution dependencies of M-ECM and

C-ECM on process parameters will be discussed for the sub path current type DC.
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Over the last decade alternative technologies for the manufacture of the ITER first wall have been progressively developed.  Now, as

the build of ITER approaches, the manufacturing route is being consolidated around the best solutions found to date.

The design of the first wall is based on the concept of blanket modules, each faced by separable first wall panels.  For the manufacture

of the first wall panels two HIP bonding technologies are proposed by AMEC NNC; the first to bond together the composite copper

alloy / stainless steel heatsink base, the second to bond the beryllium tiles to the copper alloy surface of the heatsink base.  These

technologies have been developed incrementally through the use of experiments, part scale mock-ups and full scale first wall panel

prototypes.

This paper reviews the development of the HIP bonding technologies identified above and discusses the latest results from components

produced by AMEC NNC under the auspices of EFDA.  The manufacturing stages, non-destructive examination and heat flux test

results from the work are presented for the latest first wall mock-up components.  Conclusions are then drawn with regard to the

important aspects for the series production of components for ITER.

Keywords: Plasma facing component, first wall panel, beryllium, copper alloy, HIP bonding
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The interaction of plasma with the material wall inside the divertor is a major research topic for the design of ITER. A well defined

experiment that provides the plasma parameters characteristic for the divertor (10 MW m-2, 10^24 H+ m-2s-1 @1-10 eV) would be

very advantageous for this research but does not exist yet. Therefore, the FOM-Institute for Plasma Physics is building in collaboration

with its TEC partners Magnum-PSI: a linear plasma generator that produces the required heat and plasma fluxes over 0.1 m diameter in

a 3T steady magnetic field. This paper reports on experiments performed with the forerunner of Magnum-PSI, Pilot-PSI. The results

demonstrate that the required plasma fluxes can be produced with the cascaded arc. Furthermore, we show that by pushing the arc

operation to its limits (~60 kW in the present design) leads to a highly improved efficiency. Finally, a scaling study will be presented

that shows improved efficiencies for larger discharge channel diameters.

Results of Pilot-psi

The Pilot-PSI experiment was constructed to explore the techniques to be applied in Magnum-psi. It aims at the same high fluxes, but

on a smaller surface (~1 cm2). It uses the high-pressure cascaded arc plasma source to produce hydrogen plasma that expands into a

vacuum vessel in a longitudinal B-field of 1.6 T. Thomson scattering is routinely used to characterize the plasma by radial profiles of

the electron density (ne) and temperature (Te) with a spatial resolution of 1 mm. Typical results in hydrogen for B = 0.2-1.6 T are: ne

ranging from 10^20 to 8 *10^20 m-3; Te&#8804;2 eV. 

Within the framework of the development of the Magnum-PSI source (~500 kW), we increased the power loading to the present Pilot

plasma source by a factor of 4 to 60 kW. The performance of the source is characterized on the basis of Thomson scattering

measurements, power measurements, and calorimetric measurements on the cooling water. On basis of these results, we propose a

model for the hydrogen operation of the cascaded arc that will be used to design the Magnum source. First steps have already been

made towards the high power concept, which will also be presented in this paper. These include a novel design for the water cooling of

the cascade plates and an arc with an increased discharge channel diameter (from 4 to 6 mm). These experiments show that hydrogen

operation becomes increasingly more efficient (more than 30% over the investigated diameter range).
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In the fusion experiment WENDELSTEIN 7-X divertor plasma facing components have to withstand severe loading conditions. In

general thermally induced mechanical stressing turns out to be most critical with respect to life time predictions of the component. In

the specific case flat tiles of CFC grade NB31 are joined to the precipitation hardened CuCrZr heat sink by employing an active metal

cast (AMC)-Cu as an interlayer between CFC and CuCrZr. Residual stresses resulting from the manufacturing process act as initial

stresses in the subsequent operational heat flux loading. For the latter loading regime these stresses intrinsically are generated due to the

large contrast in the CTE for CFC and Cu.

Different design variants of those CFC flat tile armoured target elements have been analysed via the finite element package ABAQUS

aiming at derivation of an optimized component design. The numerical study comprises variants with different degrees of tessellation

of the CFC flat tile section, orientation of the CFC, lamellar design of the AMC-interlayer, and different designs of the cooling

channels. The thermo-mechanical material characteristics are accounted for the finite element models with elastic-plastic properties

being assigned to the metallic sections CuCrZr and AMC-Cu, respectively, and orthotropic nonlinear-elastic properties being used to

the CFC section. The latter has been realized in form of a user-defined material subroutine that is used at the integration point level of

the finite element model. In particular, twelve scalar-type damage parameters obeying their own evolution equations with respect to the

loading history account for specific stress-strain relationships in the three principal material directions and planes with six damage

parameters being used for normal loading under tensile and compressive stress states, respectively, and six parameters being used for

shear loading.

For the aim of model verification calculated surface temperatures, global deformations, and strains are compared to results of high heat

flux tests with reasonable agreement being found. Thus, the calculated temporal and spatial evolution of temperatures, stresses, and

strains for the individual design variants are evaluated with special attention being paid to stress measures, plastic strains, and damage

parameters indicating the risk of failure. Based on the experimentally confirmed model, the finite element analysis resulted in an

optimized design.
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The procurement of the ITER divertor is planned to start in 2009. On the basis of the present common understanding of the sharing of

the ITER components, the Japanese Participating Team (JA PT) will supply the outer vertical target, the Russian Federation (RF) PT

the dome liner and will perform the high heat flux testing, the EU PT will supply the inner vertical targets and the cassette bodies,

including final assembly of the divertor plasma-facing components (PFCs).

The manufacturing of the PFCs of the ITER divertor represents a challenging endeavor due to the high technologies which are

involved, and due to the unprecedented series production. To mitigate the associated risks, special arrangements need to be put in place

prior to and during procurement to ensure quality and to keep to the time schedule. Before procurement can start, an ITER review of the

qualification and production capability of each candidate PT is planned. Well in advance of the assumed start of the procurement, each

PT which would like to contribute to the divertor PFC procurement, should first demonstrate its technical qualification to carry out the

procurement with the required quality, and in an efficient and timely manner. Appropriate precautions, like subdivision of the

procurement into stages, are also to be adopted during the procurement phase to mitigate the consequences of possible unexpected

manufacturing problems.

In preparation for writing the procurement specification for the vertical targets, the topic of setting acceptance criteria is also being

addressed. This activity has the objective of defining workable acceptance criteria for the PFC armour joints. 

A complete set of analyses is also in progress to assess the latest design modifications against the design requirements. This task

includes neutronic, shielding, thermo-mechanical and electromagnetic analyses.

More than half of the ITER plasma parameters that must be measured and the related diagnostics are located in the divertor. All the

seven ITER PTs are involved in the procurement of the divertor diagnostic systems. The engineering implications of integrating the

required diagnostics in the divertor design are being assessed.

This paper presents an organisational overview and the future procurement plans for ITER. Its aim is to show the work that will need to

be carried out until the start of the divertor procurement.
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For ITER it is planned to high heat flux test at least 10% of the elements as final acceptance test of a batch. A supply of components to

ITER, which are rejected by such a final acceptance test, would generate a tremendous financial burden for the supplier in question and

would also lead to delays of the whole project. It is therefore important for a potential supplier to ITER to reduce such a risk as much as

possible by having access to a high heat flux test device. 

For that purpose PLANSEE has decided to implement a high heat flux test facility at its own premises. The device in question supplied

with plasma guns operating at 50kW and 70kW, respectively, has already been  installed at PLANSEE. Considering the losses due to

e.g.: heating or radiation of the plasma beam, it is possible to obtain heat fluxes well beyond 20MW/m², as the beam can be focused to a

rather narrow spot with a diameter of e.g.: 40mm. 

The plasma guns can be operated at maximum power for several hours without shut down. Finally, the device contains a robot for the

manipulation of the components, a calorimeter, pyrometers and an IR camera to monitor the surface temperatures. 

Within this paper the features of the device and the concept for high heat flux testing will be described aiming at development,

qualification and industrial scale production of plasma facing components.
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The objective of this study is to perform in-pile thermal fatigue testing of three actively cooled First Wall (FW) mock-ups to check the

effect of neutron irradiation on the Be/CuCrZr joints under representative FW operation conditions. Three FW mock-ups with

Beryllium armor tiles will be neutron irradiated at 1 dpa (in Be) with parallel thermal fatigue testing for 30,000 cycles. The

temperatures, stress distributions and stress amplitudes at the Be/CuCrZr interface of the mock-ups will be as close as possible to the

values calculated for ITER FW panels.

For this objective the PWM mocks-up subjected to thermal fatigue will be integrated with high density (W) plates on the Be-side to

provide heat flux by nuclear heating. The assembly will be placed in the pool-side facility of the HFR and thermal cycling is then

arranged by mechanical movement towards and from the core box.

As the thermal design of the irradiation rig is very critical a pilot-irradiation will be performed to cross check the models used in the

thermal design of the rig.

The project is currently in the design phase of both the pilot and actual irradiation rig. The irradiation of the actual rig is planned to start

at mid 2007 and last for two years.
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The ITER-like wall project at JET involves the replacement of the divertor tiles by either tungsten-coated carbon fibre composite (CFC)

or solid tungsten. The background is a full replacement of CFC in order to avoid tritium retention due to co-deposition of carbon. In a

R&D phase (Ref.1), both tungsten coating and solid tungsten are investigated. Tungsten has a high electrical conductivity, exceeding

that of graphite or CFC by two orders of magnitude. This drawback has to be compensated by a proper design (Ref.2). 

This report shows how detailed electromagnetic consideration has influenced the design of the solid tungsten divertor for JET. Patterns

and sum values were calculated for: (1) eddy currents induced by variation of two orthogonal magnetic fields; (2) toroidal eddy current

induced by variation of the poloidal magnetic flux, (3) eddy-current related loads in three orthogonal magnetic fields; (4) Halo current

pattern for two cases; (5) Halo-current related loads in three orthogonal magnetic fields; (6) the worst loads combinations; (7) stresses

in fixtures. Analytical and numerical methods were combined and cross-checked.

The load-bearing septum replacement plate (LB-SRP) which is currently used in the JET divertor consists of two large CFC tiles

attached to two superimposed Inconel frames, namely wedge and adapter. The present design is quite loaded by eddy-currents and does

not allow for simple replacement of the CFC with solid tungsten. A tree-like shape, which excludes large contours of eddy currents, is

proposed.

In realization of the tree-like shape, the wedge has a narrow middle part, elongated in radial direction, and eight wings, elongated in

toroidal direction. Eight feet form the Halo current path. Each wing carries one tungsten lamellae stack. Each stack consists of 22 or 24

tungsten lamellae interleaved with insulated and non-insulated spacers. The insulated spacers cut the largest loops of eddy currents.

Non-insulated spacers have extrusions used for the tile attachment.

The tree-shaped design compensates the drawback of high electrical conductivity and becomes Halo-defined. This means that

eddy-current related loads become smaller than Halo-current related loads, which depend mostly on divertor height and thus cannot be

reduced much.  

Further main design features justified by this study are: (1) equal widths of all tiles;

(2) fifth pair of wings; (3) multiple elastic attachment links; (4) avoidance of thick outer lamellae; (5) location of all feet on a span of

~58% of a gross toroidal size. 

References: 

(1) T.Hirai et al., R&D on full tungsten divertor and beryllium wall for JET ITER-like Wall Project. 

(2) Ph.Mertens et al., Conceptual Design for a Bulk Tungsten Divertor Tile in JET (both citations: this conference)
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Reliable non-destructive tests (NDT) are fundamental for the manufacturing of ITER components, especially for high heat flux plasma

facing components. 

NDT include various techniques, which allow inspection of a component without impairing serviceability; it’s important to detect and

characterize defects (type, size and position) as well as the set-up of acceptance standards in order to predict their influence on the

component performance in service conditions. The present study shows a description of NDT used to assess the manufacturing quality

of CFC (carbon fibre reinforced carbon matrix composites)/Cu/CuCrZr joints. In the ITER divertor, armor tiles made of CFC are joined

to the cooling structure made of precipitation hardened copper alloy CuCrZr; a soft pure Cu interlayer is required between the heat sink

and the armour in order to mitigate the stresses at the joint interface. NDT on CFC/Cu joint  are difficult because of the different

behavior of CFC and copper with regard to physical excitations (e.g. ultrasonic wave) used to test the component; furthermore the

response to this input must be accurately studied to identify the detachment of CFC tiles from Cu alloy. 

The inspected CFC/Cu/CuCrZr joints were obtained through direct casting of pure Cu on modified CFC surface and subsequently

through brazing of CFC/Cu joints to CuCrZr by a Cu-based alloy. Different non-destructive methods were used for inspecting these

joints: lock-in thermography, ultrasonic inspections, microtomography and microradiography.

The NDT tests were followed by metallographic investigation on the samples, since the reliability of a certain non destructive test can

be only validated by morphological evidence of the detected defects. This study will undertake a direct comparison of NDT used on

CFC/Cu joints in terms of real flaws presence. The purpose of this work is to detect defects at the joining interface as well as in the cast

copper ( for instance voids).

The experimental work was developed using different NDT on the same sample and comparing the response of the analysis.

The ultrasonic inspection gave results in contrast with morphological observation.

X-ray tomography can offer only a qualitative information on CFC/Cu interface, since carbon is significantly less X-rays sensitive than

copper, while lock-in thermography offers information on thermal continuity at interface.
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With ITER on the verge of being build, the ITER-like Wall project (ILW) for JET aims at providing the plasma chamber of the

tokamak with an environment of mixed materials which will be relevant to the support of decisions to the first wall construction and,

from the point of view of plasma physics, to the corresponding investigations of possible plasma configuration and plasma-wall

interaction. In both respects, tungsten plays a key role in the divertor cladding whereas beryllium will be used for the vessel’s first wall.

For the central tile, also called LB-SRP for “Load-Bearing Septum Replacement Plate”, resort to bulk tungsten is envisaged in order to

cope with the high loads expected (up to 10 MW/m2 for about 10 s). This is indeed the preferred plasma-facing component for

positioning the outer strike-point in the divertor.

Forschungszentrum Jülich has developed a conceptual design for this tile, based on an assembly of tungsten blades or lamellae. It was

selected in the frame of an extensive R&D study in search of a suitable, inertially cooled component(1). As reported elsewhere, the

design is actually driven by electromagnetic considerations in the first place(2). The lamellae are grouped in four stacks per tile which

are independently attached to an equally re-designed supporting structure. A so-called adapter plate, also a new design, takes care of an

appropriate interface to the base carrier of JET, onto which modules of two tiles are positioned and screwed by remote handling (RH)

procedures. The compatibility of the design on the whole with RH requirements is another essential ingredient which was duly taken

into account throughout.

The concept and the underlying philosophy will be presented along with important issues on forces and expected temperature

distribution; but also on compliance with requirements of plasma-wall interaction, with the JET configuration and with remote handling

possibilities. Material choices combining tungsten, TZM, Inconel and ceramics parts will be commented as well, with regard to routine

plasma operation and to other scenarios that may prove to involve more risks for the component integrity. Tests with exposure to an

electron beam or even to fusion plasmas were carried out in the JUDITH and TEXTOR (tokamak) facilities. The completed design has

been wrapped up in the form of a recent proposal to the ILW project, with utmost ITER-relevance.

__________________________

(1)	T. Hirai et al., R&D on full tungsten divertor and beryllium wall for JET ITER-like Wall Project

(2)	S. Sadakov et al., Detailed electromagnetic analysis for optimisation of a tungsten divertor plate for JET

 	Both citations: this conference.
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Plasma-wall interactions cause surface modification, compositional and structural change on material surface due to sputtering,

impurity deposition and radiation damage, etc. As a result, optical property   (response of electron and lattice on material for

electromagnetic wave) on surface of the plasma facing components would be changed. In particular, diagnostic components, such as

metallic mirrors, mounted close to the plasma will be subjected by plasma particles such as hydrogen isotope and helium in the fusion

devices. It is well recognized that decrease of optical reflectivity of the metallic mirrors due to the plasma-material interaction will be

critical issues for the plasma diagnosis. In the present work, tungsten has been irradiated by hydrogen and helium beam. After that,

optical reflectivity and surface modification have been measured to investigate fundamental process of optical property change due to

hydrogen and helium beam irradiation. 

Samples used in the present experiment are powder metallurgy tungsten. Hydrogen and helium irradiations are performed in an ion

beam facility at JAEA, the Particle Beam Engineering Facility (PBEF). The energy of hydrogen and helium is 19.0 and 18.7 keV,

respectively. Beam duration is 1.3 – 3.5 s. The samples are irradiated up to a fluence of the orders between 10^22 and 10^24 He/m^2

by the repeated pulse irradiations of 14–450 cycles. The surface temperature is measured with an optical pyrometer. After the repeated

irradiation experiments, surface modification and composition are examined with a scanning electron microscope (SEM) and a

scanning probe microscope (SPM), etc.  In addition, the optical reflectivity is measured in the wavelength range of 190 – 2400 nm

using an ultraviolet-visible and near-infrared spectrophotometer.

The reflectivity after the irradiation decreases depending on fluence and a peak temperature of the samples during the irradiation. In

addition, their reflectivity spectra also change. This means that electron band structure near surface of the tungsten samples is also

modified.  In particular, in the case of the helium irradiated tungsten which remarkable fine modification occurs, reflectivity become to

be below a few % in the measured wavelength range. Present results indicate that the beam irradiation changes optical property and

band structure of electron near Fermi energy on surface of tungsten.
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The ITER-like Wall Project was initiated at JET, with the goal of testing the reference material combination chosen for ITER:

beryllium (Be) in the main chamber (wall and limiters) and tungsten (W) in the divertor. The major aims are to study the tritium

retention, material mixing, melt layer behavior and to optimize plasma operation scenarios with a full metal wall. The project requires

major design and engineering efforts in R&D: (i) bulk W tile, (ii) W coatings on carbon fibre composites (CFC) (iii) Be coatings on

Inconel, (iv) Be marker tiles.

For the W divertor, two R&D tasks were initiated: (1) development of a conceptual design for a bulk W tile as the main outer divertor

target plate, and (2) W coating selection from 14 different samples produced by various techniques for the other divertor plates and

neutral beam shine. The bulk W tile must withstand power loads of 7 MW/m2 for 10 s. JET divertor plates are not actively cooled,

therefore, heat capacity of the tiles is an important design parameter. In addition to power handling, mechanical structural stability

under electromagnetic forces and compatibility with remote handling are the key requirements in the design. The design has been

completed. The test-tile survived 100 pulses at 7 MW/m2 for 10 s in the electron beam facility, JUDITH. The W coatings with different

thickness, thin (<10&#956;m) and thick (200&#956;m) were tested in the hydrogen beam facility GLADIS, up to 22 MW/m2 and 200

pulses at 10 MW/m2 for 5 s. In all tested samples cracks developed perpendicularly to the fiber bundles in CFC because of contraction

of the coating in the cooling phase. Coatings were also exposed to 1000 ELM-like loading pulses. The thin coatings showed fatigue

leading to delamination, whereas for thick coatings better resistance in ELM-like loading. As a result of R&D a full W divertor was

decided: bulk metal at the outer divertor and W coating at other areas. 

Be-related R&D activities are in two areas. Production of 8-9 m&#61549; layers on inner wall cladding Inconel tiles ensures the full

coating of the inner wall by Be. The developed coatings show excellent performance at a power density of 2.5 MW/m2. The second

task is to manufacture marker tiles: bulk Be limiters coated with a high-Z metal interlayer (2-3 &#956;m) and 7-8 m&#61549; Be layer.

 They will allow for assessment of the Be erosion rate in the main chamber of JET. The issue is of  great interest to ITER.
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The High Average Power Laser (HAPL) program is a coordinated effort to develop Laser Inertial Fusion Energy.  The implosion of the

D-T target produces a spectrum of neutrons, X-rays, and charged particles, which arrive at the first wall (FW) at different times within

about 2.5 µs at a frequency of 5 to 10 Hz.  Helium is one of several high-energy charged particle constituents impinging on the

candidate tungsten armored low activation ferritic steel First Wall.  The spread of the implanted debris and burn helium energies results

in a unique space-time dependent implantation profile that spans about 10 µm in tungsten. Co-implantation of X-rays and other ions

results in spatially dependent damage profiles and rapid space-time dependent temperature spikes and gradients. The rate of helium

transport and helium bubble formation will vary significantly throughout the implanted region. Furthermore, helium will also be

transported via the migration of helium bubbles and non-equilibrium helium-vacancy clusters.  

The HEROS code was developed at UCLA to model the spatial and time-dependent helium bubble nucleation, growth, coalescence,

and migration under transient damage rates and transient temperature gradients.  The HEROS code is based on kinetic rate theory,

which includes clustering of helium and vacancies, helium mobility, helium-vacancy cluster stability, cavity nucleation and growth and

other microstructural features such as interstitial loop evolution, grain boundaries, and precipitates.  The HEROS code is based on

space-time discretization of reaction-diffusion type equations to account for migration of mobile species between neighboring bins as

single atoms, clusters, or bubbles. HAPL chamber FW implantation conditions are used to model helium bubble evolution in the

implanted tungsten. Helium recycling rate predictions are compared with experimental results of helium ion implantation experiments.
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The primary objective of the ITER-like wall project is to install a beryllium main wall and a tungsten divertor. From the point of view

of plasma operations, the power handling properties of the new Be tiles may affect the operational space. The tiles design has to be such

that it allows routine plasma operation for ITER relevant scenarios, i.e., 3-5 MA ELMy H-modes with high power input (Pin > 30 MW)

for lengths of time of ~ 10 s. 

Due to the constrains imposed by heat conductivity, eddy current and stress torques on a Be tile, a single Be tile must be an assembly of

castellated slices [1]. From the point of view of plasma operations, the power handling properties of the new Be tiles can restrict the

operational space of JET, if considerable melting of the tiles is to be avoided. This paper describes the power handling studies for the

beryllium wall tiles and the optimisation of their design to achieve the operation goal described above.

The melting temperature for Be is 1289°C, corresponding to a energy limit of 60MJ/m2 for 10s [1]. For low field line angles, the power

density on the toroidally facing surfaces is several times higher than the power density on the tile face requiring these to be shadowed.

Furthermore the poloidally facing surfaces also have to be shadowed from assembly to assembly due to the large gap between

assemblies. The tiles have been designed taking into account these limits and with a geometrical design such as to avoid exposed

surfaces at high angles to the magnetic field being melted due to the expected loads. This has been achieved after detailed studies of the

power handling of the various limiters and protections, including the effect of the curvature of the flux surfaces, shadowing and

tolerance to misalignment.

The surface of the tiles is defined such that, when possible, there is an even distribution of power density over the entire tile surface,

and that plasma operation is limited by the tile surface and not the tile edges. The general concept for the tile design satisfying all the

requirements is a symmetric surface with an angled ridge that goes through castellations and slices. In the paper we describe the

detailed calculations of the power load on the different surfaces of the Be tiles and the solutions found for the different limiters (inner

and outer poloidal limiters) and the vertical and horizontal protections of the LH and ICRH antennae and the Be dump plates for upper

X-point protection. 

[1] Thompson V. et al, this conference
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Utramet, Inc. fabricated refractory heat exchanger tubes of chemical vapor deposited (CVD) tungsten with an integrally bonded core of

open-cell CVD tungsten foam. The 10 pores-per-inch, 20% dense foam is very open (80% porous) with a structure of joined ligaments

that combines a relatively low resistance to flow and a large area for heat transfer.

Sandia National Laboratories tested the helium-cooled tungsten foam tubes in Sandia's Electron Beam Test Stand (EBTS), a 30kW

electron beam high heat flux facility that includes a closed helium cooling loop.  The specimens were 12.7 mm ID x 16.2 mm OD W

tubes with W foam centered along 38 mm of the axial length.  CVD niobium coating of the ends of the tubes permitted the use of

compression fittings to join the specimens to the piping of the helium loop.  The fabrication and testing of the specimens were funded

through a Phase I grant by the US Department of Energy's Small Business Innovation Research Program.  We also tested an open CVD

tungsten tube without the porous foam for comparison.

Tests were performed in EBTS at progressively higher heat loads. With the foam sample, the maximum absorbed heat load was ~22

MW/m2 with helium at 4MPa, flowing at 27g/s and with inlet and outlet temperatures of 40&#730;C and 91&#730;C and a pressure

drop of ~92kPa.

The helium removed over 7100 W steady state from the part at the highest heat flux. The part failed and fragmented during the cool

down after exposure to this heat load.  While the fragmentation of the sample indicates that development of more robust W or Mo alloy

components will ultimately be required, which are feasible via CVD and part of proposed Phase II work, the very high heat load

obtained in these tests is an impressive result for the potential of helium-cooled refractory systems for plasma facing components in

fusion devices. 

The paper reports details of the test, including the surface temperature distributions indicated by an infrared camera and pyrometers, the

calorimetry and results of a post-test examination of the foam sample using a scanning electron microscope.
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The WENDELSTEIN 7-X (W7-X) is a super-conducting helical advanced stellarator. W7-X is provided with 299 ports, which connect

the plasma vessel with the outer vessel. All the ports are equipped with bellows, which, during bake-out and final adjustment,

compensate the relative movements of the vessels.

The bellows have different shapes and dimensions ranging from 100 mm circular to 1170 x 570 mm rectangular sizes. During various

load-cases the axial and lateral stiffness of all bellows will create a resulting spring-force which acts on the supports of the vessels

directly. The higher the stiffness the more is the significant influence on the supports.

The lateral stiffness which was calculated with the established standard EJMA-code (Expansion Joint Manufacturers Association*)

seemed to be relatively small. This appeared to be not correct in particular for non circular bellows. That is why the stiffness of

rectangular, multi-layer bellows have then been re-calculated with the Finite Element Method (FEM) code ANSYS. 

The maximum difference between the FEM and EJMA code resulted to be up to 250 % in particular with movements along the longer

side of the bellows. 

In order to clarify the differences a test-campaign with the largest rectangular bellows was performed. A special test rack allowed

predefined displacements in pure lateral and axial directions taking into consideration of the friction in the moving elements. During the

tests the load-displacement diagram was recorded permanently. The outcome of the FEM-results was then verified by the tests in axial

and lateral directions.

The EJMA-code is well proved for circular bellows. The tests showed that instead any calculation of rectangular bellows has to be

confirmed by experiments.

The paper summarises the calculation, describes the test activities, the apparatus and reports the final results.

* Standards of the expansion joint manufacturers association, INC. 

   25 North Broadway, Tarrytown, NY 10591
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At the Max-Planck-Institut für Plasmaphysik (IPP), the stellerator Wendelstein 7 (W7-X) is under construction in Greifswald.

Its toroidal plasma with a major diameter of 11 m is enclosed by a plasma vessel, whose geometrical shape is closely following the

shape of the originating plasma. The plasma vessel, consisting of five uniform modules, must be supported and adjusted vertically.

Prior to plasma start-up as well as during operation the plasma vessel may be heated up to 150°C. In this case, the diameter of the

plasma vessel extends by up to 40 mm. In addition, the plasma vessel must remain centred w.r.t. the magnet system and should also be

adjustable horizontally. The plasma vessel supporting system has therefore been divided into two separate systems. Using horizontal

supports a first system has been designed to centre the plasma vessel during radial thermal expansion and to adjust the plasma vessel in

horizontal direction. Using vertical supports a second system is designed to withstand the plasma vessel dead weight and other vertical

loads coming from attached structures and to allow the vertical adjustment.

The vertical support of each module of the plasma vessel is realised by three pendulum supports. A test campaign at the University of

Rostock has been started to validate the design. For this purpose, prototypes of the pendulum support have been built. The pendulum

supports were subjected to defined test cycles relevant to the original loads during operation. With these tests, the general functions of

the pendulum support were proved. The overall friction factors of the pendulum system are being measured in lubricated and

unlubricated status. 

The presentation describes the requirements and the design of the support system, the test apparatus as well as the test results.
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The EAST superconducting tokamak is an advanced steady-state plasma physics experimental device to be completed successfully at

the Institute of Plasma Physics, the Chinese Academy of Sciences (ASIPP). The engineering design incorporates the superconducting

toroidal field (TF) and poloidal field (PF) magnets, the vacuum vessel, the thermal shields, the cryostat and the current leads. 

 The cryostat of EAST Tokamak is a large single walled vessel surrounding the entire Basic Machine with central cylindrical section

and two end enclosures, a flat base structure with external reinforcements and dome-shaped lid structure. The main function of EAST

cryostat provides the thermal barrier with the base pressure of 5&#61620;10-4 Pa between the ambient temperature testing hall and the

liquid helium cooled superconducting magnet. The base structure was connected with the main support which has eight equally spaced

support legs anchored on concrete base. The loads applied to the cryostat are vacuum pressure, the dead weight of vacuum vessel,

thermal shield, PFC and magnet which are totally about 360 tons, seismic events and electromagnetic forces driven by plasma

disruption. It also provides feed through penetrations for all the connecting elements inside and outside the cryostat. The main material

selected for the cryostat is stainless steel 304L. The structural analyses including buckling for the cryostat vessel under the plasma

operation condition have been carried out using finite element code. Stress analysis results show that the maximum stress intensity was

below the allowable limit, and that the cryostat vessel had buckling safety of over 16. Based on the results, structural robustness of the

cryostat vessel has been proved. The engineering design has been finished and the fabrication started and completed in 2002 and 2004

respectively. The Chinese company, Shanghai Boiler Works, Ltd (SBWL) is responsible for manufacture of cryostat vessel. The dished

lid was fabricated by using a set of head ramming machine and a set of head flanging machine (BOLDRINI) imported from Italy with

working diameter from 1800mm to 8000mm.Two halves of cylinder rings for the fabrication of the cylindrical section are precisely

bent to the required shape and carefully welded together to form the central cylinder section. Precious cutting of the holes for ports was

performed by numerical control (NC) boring and milling machine tool after the previously rough cutting using plasma jet technique. 

The base is the flat bottom of 60mm thickness with 16 H beams stiffened plate bolted to main support. The inside surface facing

vacuum has eight vacuum vessel supports and sixteen TF&PF supports. Because the surfaces of supports on the base are datum planes,

a number of surfaces and holes have to be precisely machined to provide accurate means for exact assembly. The base has been

precisely machined by using NC manufacturing center to satisfy the design requirement. During the fabrication, the vibration stress

relief (VSR) method was used to relief the residual stress formed by welding process. Vacuum tightness of the welds was checked by

an integral helium leak test of each whole section. The contours of the sections were measured by optical measuring system and met

well the given tolerances. The paper will summarize the structural analyses, the design activities and give a short description of the

fabrication of the cryostat component.
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The latest design for connecting the limited life ITER divertor plasma facing components (PFC’s) to the reusable cassette body is the so

called sleeved pin multilink attachment. The connection is made by expanding a 43mm diameter hollow AlBr pin inside the fixation

holes of components of the cassette body and PFC by a swaging process.

The multilink is an easy, safe and fast assembly method, but the original dismantling method of drilling out the pin was found

troublesome. Therefore, in the latest attachment design a thin sleeve is incorporated between the pin and the holes, which makes it

possible to dismantle the joint by simply pulling out the pin and sleeve sequentially. 

Experimental qualification of the new sleeved design is now proceeding. The aim of the experimental qualification is to prove that the

sleeved design meets the requirements of load carrying capability, clearance free connection, and easy and safe removal. Associated

analytical studies were performed to develop and verify theoretical models and correlations for use in design. Results from the

experimental qualification will provide reference information for developing tools for making and removing the connection.

Theoretical finite element models in association with the results of earlier test campaigns with nonsleeved design were used to

determine pin expansion parameters. The expansion parameters were verified with plate-pin tests measuring contact pressures produced

by pin expansion. The plate-pin tests were also used to demonstrate the feasibility of pin removal and develop pin removal

methodology. The mechanical capabilities of the connection design are being examined with test series of cyclic tensile loading plus

articulation-induced loading of a single connection mock-up. Remaking properties of the attachment are being studied with multiple

swaging and removing of the pin into the fixation holes. Finally the dismantling of the connection will be examined with full length pin

extraction tests.

The test campaign to date has verified the pin expansion and connection parameters. Pin extraction has been found to be a feasible

dismantling method with slight modification of the sleeve design. Further design developments are anticipated.
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In the frame of the blanket development for ITER, an R&D programme was implemented for the manufacture of a shield prototype by

powder Hot Isostatic Pressing (HIPping). The shield consists of a Stainless steel forged block drilled and machined, at the back of

which 3D bent tubes are HIPped inside a powder layer. This paper describes the development work through the manufacturing of

several mock ups that leads us to be confident for the shield prototype manufacturing.

The paper is divided into 2 parts, the first one related to the machining development and validation, the second one relating to the HIP

development and validation.

A partial full scale mock up for the machining development (machined PFSMU) was manufactured with no particular problems, all the

main identified difficulties in machining like deep drilling and castellation machining where overcome and the mock up was conform to

the specification. 

The manufacturing of a HIPped PFSMU for the HIP development was done after the manufacturing of smaller mock-ups each

representing a particular detailed design point. A computer simulation work gave us some design recommendation, and the compared

analysis of the numerical simulation and experimental results lead us to predict the distortions on the PFSMU HIPped mock up. The

HIPped distortions that were the main uncertainty were assessed through small mock ups and bigger one. The mechanical

characteristics of the joints are conform to the specification.

Associated to the mock up manufacturing is the ultrasonic test development which consists in designing and manufacturing a

miniaturized probe travelling inside the bent tube after the HIP cycle to examine the joint tube / powder among others. This ultrasonic

development allowed the examination of the HIPped PFSMU mock up that concluded this development work.
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Remote Handling (RH) is one of the most challenging aspects of the ITER project, and the European home team is presently designing

and constructing a major prototype of the divertor region (the Divertor Test Platform 2) to confirm practically the concepts proposed

for the RH systems in this area. The divertor handling equipment must lift and transport the 9 Tonne divertor cassette around the vessel

and down the narrow duct from the vessel to a sealed cask which will take the cassette to the hotcell. Due to limited access, the cassette

must be grappled in a cantilevered manner, and water hydraulics has been selected because the required high forces and precise control

are available in a compact envelope, with minimal long-term contamination of the vessel or duct should a leak develop.

Although the main material used in water hydraulic components is stainless steel (unaffected by secondary gamma radiation), the seals

and O-rings inside these components are more sensitive. With promising materials identified in earlier tests, a number of identical

seal-carrier assemblies were manufactured upon which standard seals and O-rings were fitted and subjected to increasing doses of

irradiation representative of those predicted in the radial duct region. Since the seal carriers are annular, space is also available for

material samples for complementary mechanical testing. After irradiation, the carriers can then be assembled onto a specially modified

piston and cylinder where various key parameters, like friction and leakage can be derived and compared with the same tests carried out

on the pre-irradiated assemblies.

This modular approach minimises the space required for irradiation (a chamber 60mm diameter x 100mm long can hold 10 seal

assemblies), enables the effects of progressive radiation to be studied, and can allow several materials to be tested under realistic

hydraulic conditions in a short time.

Initial tests used UHMW-PE material for the seals, and NBR for the O-rings.  At up to 0.5MGy small increases in leakage and friction

were measured, but at 1 MGy and above these became unacceptably high, with early signs of particle contamination (possibly

disintegrating O-ring material) damaging the seal surfaces.  Further testing will aid selection of the best material, as well as

characterising the degradation, enabling periodic off-line testing of the irradiated hydraulics in the ITER application to predict the point

at which seal replacement becomes necessary.
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RESULTS FROM ITER VACUUM VESSEL SECTOR MANUFACTURING

DEVELOPMENT IN EUROPE (P2-G-99) 

Lawrence Jones

EFDA CSU-Garching Boltzmannstr. 2 D-85748 Garching bei München Germany

Significant results have been achieved since the previous SOFT conference, when the manufacturing development work required to

prepare for the ITER Vacuum Vessel Sector was described. The contract for the manufacture of a full-size, 20 Ton poloidal part of the

inboard section, fabricated according to the ITER reference manufacturing route, including bracing fixtures, welding applications,

restraint effects, and fit-up aspects is approaching completion. Since the main aim of the work is to establish the practicability of

achieving the tight dimensional tolerances, an accompanying SYSWELD analysis programme has been validation by instrumented

welding coupons, and then used for predicting the distortion of the actual construction. A local machining tool has been developed to

allow the requirement for machining of the cylindrical features at a late stage of manufacture. Experimental and analytical work has

also been carried out to establish the possibility of 3-D cold-forming large sections of walls of the VV. A manufacturing programme to

validate an alternative method of fabricating parts of the double-walled VV, utilising e-beam welding only and avoiding the quality

issues of the one-sided access and inspection of the closing welds is presented. This paper describes the results of the manufacturing

development programme and the future activities.
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Edgar Bogusch
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The overall dimensions of the ITER Tokamak and the particular assembly sequence preclude the use of conventional optical metrology,

mechanical jigs and traditional dimensional control equipment, as used for the assembly of smaller, previous generation, fusion devices.

This paper describes the state of the art of the capabilities of available metrology systems, with reference to the previous experience in

Fusion engineering and in other industries. Two complementary procedures of transferring datums from the primary datum network on

the bioshield to the secondary datums inside the VV with the desired accuracy of about 0.1 mm is described, one method using the

access directly through the ports and the other using transfer techniques, developed during the co-operation with ITER/EFDA. Another

important task described is the development of a method for the rapid and easy measurement of the gaps between sectors, required for

the production of the customised splice plates between them.

The scope of the paper includes the evaluation of the composition and cost of the systems and team of technical staff required to meet

the requirements of the assembly procedure.  The results from a practical, full-scale demonstration of the methodologies used, using the

proposed equipment, is described.

This work has demonstrated the feasibility of achieving the necessary accuracies for the successful building of ITER.
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Automatic Generation and Validation of an ITER Neutronics Model from CAD
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Quality assurance rules request the consistency of the geometry

model used in neutronics Monte Carlo calculations and the underlying

engineering CAD model. This can be ensured by automatically

converting the CAD geometry data into the representation used

by Monte Carlo codes such as MCNP. 

Suitable conversion algorithms have been previously developed

at FZK and were implemented into an interface program.

This paper describes the application of the interface program

to a CAD model of a 40 degree ITER torus sector for the generation

of a neutronics geometry model for MCNP. A CAD model provided

by ITER consisting of all significant components was analyzed, 

pre-processed, and converted into MCNP geometry representation. 

The analysis and pre-processing steps include the checking of the

adequacy of the CAD model for neutronics calculations in terms of 

geometric representation and complexity, and of corresponding 

corrections.  This step is followed by the conversion of the CAD model 

into MCNP geometry including error detection and correction as well as 

the completion of the model by voids.  The conversion process does not

introduce any approximations so that the resulting MCNP geometry is fully

equivalent to the original CAD geometry.  However, there is

a moderate increase of the complexity measured in terms of the

number of cell and surfaces. 

The validity of the converted geometry model was shown by comparing

the results of stochastic MCNP volume calculations and the volumes

provided by the CAD kernel of the interface programme. Furthermore,

successful MCNP test calculations have been performed for verifying

the converted ITER model in application calculations.
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Detailed Design and Fabrication Method of the ITER Vacuum Vessel Ports

(P2-G-138) 

Hee-Jae Ahn(1), T. H. Kwon(1), Y. S. Hong(1), Y. K. Kim(1), C. D. Lee(1), K. H. Park(2), J. S. Lee(2), T. S. Kim(2), S.

Cho(3), S. H. Park(3), N. I. Her(3), B. C. Kim(3)

1. Electro-Mechanical Research Institute, Hyundai Heavy Industries Co. Ltd., 102-18, Mabuk-dong, Giheung-gu, Yongin-si, Gyeonggi-do,
449-716  Korea
2. Industrial Plant & Engineering Division, Hyundai Heavy Industries Co., Ltd. 1, Jeonha-dong, Dong-gu, 682-792 Ulsan Korea
3. National Fusion Research Center, Reactor Engineering Research Team 52 Yeoeun-dong, Yuseong-gu 305-333 Daejeon Korea

The engineering design of the ITER vacuum vessel (VV) has been progressed by the ITER International Team (IT) with the

cooperation of several participant teams (PT). The VV and ports are the components allocated to Korea for the construction of the

ITER. Hyundai Heavy Industries has been involved in the structural analysis, detailed design and development of the fabrication

method of the upper and lower ports within the framework of the ITER transitional arrangements (ITA).

The design of the port structures has been investigated to validate and to improve the conceptual designs of the ITER IT and other PT.

The special emphasis was laid on the flange joint between the port extension and the in-port plug to develop the design of the upper

port. The modified design with a pure friction type flange with forty-eight pieces of bolts instead of the tangential key is recommended.

Furthermore, the alternative flange designs developed by the ITER IT have been analyzed in detail to simplify the lip seal maintenance

into the port flange. The structural analyses of the lower RH port have been also performed to verify the capacity for supporting the

VV. The maximum stress exceeds the allowable value at the reinforcing block and basement. More elaborate local models have been

developed to mitigate the stress concentration and to modify the component design.

The fabrication method and the sequence of the detailed fabrication for the ports are developed focusing on the cost reduction as well as

the simplification. A typical port structure includes a port stub, a stub extension and a port extension with a connecting duct. The

fabrication sequence consists of surface treatment, cutting, forming, cleaning, welding, machining, and non-destructive inspection and

test. Tolerance study has been performed to avoid the mismatch of each fabricated component and to obtain the suitable tolerances in

the assembly at the shop and site. This study is based on the experience in the fabrication of the KSTAR Project.

From the several structural analyses and the development of the fabrication method, the upper and lower port designs have been

improved and comply with the design specification.
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Structural Analysis for an Upper Port of the ITER Vacuum Vessel (P2-G-141) 
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Electro-Mechanical Research Institute, Hyundai Heavy Industries Co. Ltd., 102-18, Mabuk-dong, Giheung-gu, Yongin-si, Gyeonggi-do,
449-716  Korea

The ITER vacuum vessel (VV) has numerous openings for the port structures including upper, equatorial, and lower ports used for

equipment installation, utility feedthrough, vacuum pumping, and access into the vessel for maintenance. Every upper port, slanted

upward slightly, has a trapezoidal/rectangular cross-section and consists of a port stub, a stub extension and a port extension with a

connecting duct. To investigate the structural integrity and to increase the structural reliability of the VV and ports, the structural

analyses of the upper port structure have been performed. 

The global structural analysis of the upper port with the in-port components has been carried out. The local analyses of a tangential key,

an upper port flange, a connecting duct and a sealing unit have been performed. The design loads are dead weight, normal and

abnormal pressure load, electromagnetic load, and seismic load in consideration of the dynamic amplification factors. The stress

analyses were performed in a nonlinear elastic approach taking into account the contact surface between port extension flange and port

plug flange. Two advanced designs from the ITER international team have been reviewed. To verify the strength of the reinforcing ribs

for the connecting duct and of the fastening/sealing units, the local analyses utilizing the sub-modeling technique have been performed. 

The ASME code and the ITER design criteria were applied for the evaluation of the structural analysis results from the global and local

analyses. The clearance between a port and a plug to accommodate the plug deformation has been assessed. The upper port flange

based on the original design could withstand design loads, but there could be a gap on the flange surface under the design condition.

The modified flange design, which is under the bolt friction only without tangential key was proposed. The deflection of the plug for an

advanced design with a removable flange is higher than that for the original design since the stiffness of a port and a plug is reduced by

the continuous groove for the nuts. The other advanced design using large superbolts is very acceptable in the structural design point of

view. From the local analyses for a connecting duct and a fastening/sealing unit, it is expected that the stresses be less than the

allowable values.
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Construction of the Vacuum Vessels and the Magnet Supporting Structures

of WENDELSTEIN 7-X (O4B-G-149) 

Antonio Cardella(1), Bernd Hein(1), Dieter Hermann(1), Torsten Koppe(1), Bernd Missal(1), Dirk Pilopp(1), Jens Reich(1), 

Manfred Wanner(1), Hartmut Jenzsch(1), Reinhard Krause(1), Bernhard Plöckl(1), Giovanni Di Bartolo(2), Franz Leher(3), 

Andreas Binni(3), Juergen Segl(3), Alberto Benito(4), Luca Giordano(5), Stefano Langone(6)

1. Max Planck Institut für Plasmaphysik IPP Wendelsteinstrasse 1 17491 Greifswald Germany
2. M&G srl Consultants Via Dei Romanelli 8 20034 Giussano Italy
3. MAN DWE GmbH Werftstraße 17 94469 Deggendorf Germany
4. Equipos Nucleares, S.A. Avda Juan Carlos 1, 8 39600 Maliano Spain
5. ROVERA Construzioni Mecchaniche Via Vecchia di Cuneo 45 12011 Borgo san Dalmazzo Italy
6. Romabau-Gerinox AG Fohlenweide 8570 Weinfelden Swizerland

In the Wendelstein 7-X Stellarator, under construction at the Max Planck Institut in Greifswald, the superconducting magnet system is

enclosed between two toroidal vacuum vessels (VV), which have a major diameter of 11 m and are built in 5 similar modules. The

internal plasma vessel (PV) has a complex 3D shape, which follows the plasma shape morphing from a triangular section into a

bean-shape section every 36o. The outer vessel (OV) has a circular cross-section with a minor diameter of 4.4 m and is provided with

549 domes.

299 ports connect the plasma chamber with the external environment. They are used for diagnostics, additional heating, water and

power supply and auxiliaries. They are of 3 main shapes: circular, oval and rectangular. The ports are welded to the PV on one end and

are attached to OV domes on the other end. In order to allow the relative movements of the VV each port is provided with bellows.

The coils are supported by a 10 m diameter, 2.5 m high pentagonal coil support structure (CSS). Inter-coil supports bound the coils

together in order to resist to the electromagnetic forces and to allow part of the coil deformations. The coil system is mechanically

decoupled from the VV. 

The CSS is attached to the machine base using special vertical supports. The PV is supported and self centred using adjustable vertical

and horizontal pendulum systems. Inside the OV supports are inserted the PV and the CSS vertical supports.

The PV has already been completed and its assembly has started. The first OV module has been completed. The other components are

at different stages of completion. The paper describes the design of the components, their manufacturing and the technological choices

and the difficulties, which have been encountered and solved during the manufacturing.
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1. EFDA CSU-Garching Boltzmannstr. 2 D-85748 Garching bei München Germany
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A key ITER maintenance activity is the complete exchange of the divertor system at scheduled intervals, typically after every 3-4 years

of plasma operations.  In view of this, ITER divertor maintenance is classified as an RH Class 1 activity and as such, detailed design of

the associated RH equipment and verification of its operation before ITER construction by way of prototypes and mock-ups, is

considered an essential activity. 

Throughout the course of the ITER design activities one of the major focuses of the EU contribution has been the study and

development of remote handling equipment (RHE) necessary for divertor exchange.  This suite of RHE will include a number of heavy

in-vessel robotic transporters (known as “cassette movers”), ex-vessel transfer casks and several general purpose dextrous manipulators

used to deploy and operate task-specific RH tooling.  

The current major step in the divertor RH development programme for ITER involves the construction of a full scale physical test

facility in which to demonstrate and refine RHE designs through the operation of prototypes closely replicating those proposed for

ITER.  This facility, designated the “Divertor Test Platform 2 (DTP2)”, will be constructed in Tampere, Finland and operated by the

Finnish Fusion Association, TEKES.  Four separate procurement contracts are currently being executed within European Industry for

the supply of the major DTP2 sub-systems namely, a mock-up of the ITER divertor region, a mock-up cassette, a prototype cassette

mover and the mover control hardware.  The control system software development is being carried out in parallel by staff of the DTP2

host organisation.  These DTP2 sub-systems will be brought together in Tampere during the Autumn 2006 / Spring 2007 and the

system is expected to be ready for RH trials on the second cassette handling process in the summer of that year.  Measures to extend the

facility in subsequent years to allow more extensive trials in a 30 degree toroidal sector of the ITER divertor region are already being

put in place.

 This paper reports on the latest cassette mover designs (including control architecture and component selection for radiation tolerance)

and outlines the current build status and planned activities of the new DTP2 test facility.
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System availability is a key factor in the economic success or failure of any power station. It is inherent in the nature of a tokamak

based fusion energy device that a significant part of the repair and maintenance of components located close to the plasma will need to

be done using remote handling methods.

The feasibility of remotely maintaining a tokamak has been successfully demonstrated at the JET project where every major

modification inside the torus since 1998 has been performed using remote handling techniques. In the four major remote handling

shutdowns at JET since 1998 over 7,000 hours of remote operation and over 450 different types of remote handling task have been

performed.

In this paper the author reflects on the reasons for the success at JET and offers a personal view on the trends in technologies and

management techniques which are likely to be relevant for remote handling of future tokamaks. 

Remote handling equipment and operational techniques have been in development for various sectors over many years driven by the

need for substituting manual interventions in hostile environments, including nuclear fission. Fusion however presents significant new

challenges created by its large size and complexity, the extreme hostility of the task environment and also by the scale of the

management system required to prepare and implement the wide range of time intensive remote operations. 

The paper will identify and discuss the key issues involved in the three, very different, application areas relevant to tokamaks: planned

remote handling inside the torus, planned remote handling inside the hot cell and unplanned remote handling activities. The technology

and management elements discussed will include manipulation, tooling, control systems, Human-Machine-Interfaces, remote

operations management, mock-ups, training and support.

The paper will reference complementary papers/posters which contain more detail on the individual aspects.

The paper will be of interest to everyone involved in the specification, design and construction of future tokamaks.
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For 8 years, JET remote operations have become more capable and confident. Many tasks have been successfully completed, even

those never intended to be remote maintenance activities.

The general approach to the provision of remote handling equipment at JET has been the preferred use of commercially-off-the-shelf

equipment. In the areas of electrical, electronic, software and control this approach has been generally achievable. However, in the area

of mechanical equipment it has been more difficult. In particular the RH tooling has been almost entirely bespoke as its requirements

are highly sensitive to the design of the JET component being handled and there are many design variations. Hence, JET has required

the design and manufacture of over 700 types of bespoke RH equipment. 

This paper will discuss the experience of introducing and developing remote handling mechanical equipment for JET. The paper will

cover the relationship between the remote handling equipment and the JET component design and the potential for improving the

design function.

A major lesson from the introduction of remote handling to JET has been demonstration of the very close interdependency of the design

of JET components with design of remote handling tooling. The JET remote handling manual was originally introduced as the vehicle

to ensure remote handling compatibility by the introduction of standards. Experience has shown that in general the remote handling

manual approach has been insufficient. Future fusion machines will be much more complex than JET and will demand even greater

remote handling compatibility. This paper will discuss possible methods for improving this process. 

Equipment operating in a high radiation environment must be dependable It may spend part of its time in areas that would be extremely

difficult to recover from in the case of failure. The equipment may also have a high duty cycle to minimise shutdown times and

probably cannot be manually inspected on a frequent basis. To foresee and therefore prevent equipment failure technologies such as

online condition monitoring and self-diagnosis will be essential.

The economics of future fusion projects will demand that commercial off-the-shelf equipment be used in the remote handling system

wherever possible and that the integration and support of the systems are as simple as possible. The modularisation and standardisation

of components and software is therefore essential. 

The paper will discuss possible methods for addressing these needs of the preparation, maintenance and support of remote operations. If

ignored, this aspect has significant potential to inflate costs and reduce operational effectiveness. 

The paper will also discuss innovations and developments which have the potential for improving some of the key technologies

required for fusion machines such as in pipe joining techniques and actuator developments
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For almost 20 years, Tore Supra (TS) Tokamak uses water as a coolant for its plasma facing and in-vessels components. It can be

considered as ITER relevant on this particular aspect.

During plasma operation in TS, the water inlet temperature and outlet pressure are 120 °C and 2.4 MPa respectively, while baking is

performed at 200 °C and 2 Mpa. It happened, that unexpected localized power deposits damaged in-vessels components leading to

more or less large water leaks. 

In order to protect the vacuum vessel from over-pressurisation in case of large water leaks and to avoid the release of eventual activated

materials, a pressure suppression system, composed of two rupture disks and a relief pipe header, has been designed.

In the event of smaller leaks, the issue for Tore Supra operations is to apply methods capable of detecting and localising leaking water

cooling circuits inside the vacuum vessel within an acceptable time. For this purpose, drainage and drying systems have been designed

and manufactured to evacuate completely the water in the components and vacuum vessel, facilitating, in that way, leak testing

procedure of the components.

A new system allows the localization of the leaky circuit remotely by using the cooling loops monitoring system. The sub-circuits can

be selected, isolated and depressurized by the operator. Simultaneously the vacuum is monitored in the vessel and analyzed with a mass

spectrometer.

The water resulting from the steam condensation in the cold parts of the vacuum vessel is pumped by a new specific vacuum system in

the lower parts of the machine and stored in tanks to avoid dissipation of activated products in the environment. Filters are implemented

on the outlets lines of the pumps. 

The in-vessels components fed by the upper part of the cooling loop are connected in parallel and the water inlets and outlets are

located on top of the machine, so some difficulties were encountered to drain-off completely this components. Presently at the end of

the drain-off sequence, the in-vessels components are baked at 60 to 100°C and water in the cooling circuits is evaporated by using a

primary vacuum pump. This allows a great improvement of the quality of the draining-off. 

This paper reviews the main methods, and presents the results of the study and the more detailed description of the different systems

carried out to optimize the water leak procedures.
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A large-scale fusion device presents many challenges to the remote handling operations team. This paper is based on unique operational

experience at JET and gives a perspective on remote handling task development, logistics and resource management, as well as

command, control and human-machine interface systems.

Remote operations require an accurate perception of a dynamic environment, ideally providing the operators with the same unrestricted

knowledge of the task scene as would be available if they were actually at the remote work location. Traditional camera based systems

suffer from a limited number of viewpoints and also degrade quickly when exposed to high radiation. Virtual Reality and Augmented

Reality software offer great assistance. 

The remote handling system required to maintain a tokamak requires a large number of different and complex pieces of equipment

co-ordinating to perform a large array of tasks. The demands on the operator’s skill in performing the tasks can escalate to a point

where the efficiency and safety of operations are compromised. An operations guidance system designed to facilitate the planning,

development, validation and execution of remote handling procedures is essential. 

Automatic planning of motion trajectories of remote handling equipment and the remote transfer of heavy loads will be routine and

need to be reliable. 

This paper discusses the solutions developed at JET in these areas and also the trends in management and presentation of operational

data as well as command, control and HMI technology development offering the potential to greatly assist remote handling in future

fusion machines.
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The aim of the project is to demonstrate on Tore Supra the reliability of a multi-purpose in-vessel Remote Handling inspection system

using a long reach, limited payload carrier. 

This project called AIA (Articulated Inspection Arm) is currently being developed at CEA under a European EFDA workprogram. The

paper describes the detailed design, the manufacturing processes and the results of the first module test campaign in the CEA Tore

Supra ME60 facility, at representative vacuum, temperature and nominal loading conditions. 

The second part of this work that is reported in the paper, concerns the description of the whole integration of the device on the Tore

Supra tokamak that is foreseen to be operated on Tore Supra early 2007.  The deployer system and the 10m long storage vacuum vessel

are presented. 

The robot prototype is fully representative of the deployment carrier system that could be required on ITER. The demonstration on Tore

Supra will help in the understanding of operation issues that could occur in the tokamak vacuum vessel equipped of actively cooled

components. The viewing process that is currently under development is presented in the paper. It will allow close inspection of the

Tore Supra Plasma Facing Components that are representative of the ITER divertor targets in terms of confined environment and

identification of possible tiles failure of CFC carbon tiles. Such viewing process could be used on ITER during the early stage of

operation under a limited radiation level. The AIA technology is also showing promising potential for generic application in alternative

systems for ITER. The feasibility study for viewing inspection of the beam line components in the neutral beam test facility is

presented.

One of the other potential inspection processes that is foreseen to be tested using the AIA carrier in Tore Supra is the laser ablation

system of the CFC armour. It could be fully relevant for the ITER wall detritiation issues. Such process can be simulated on Tore Supra

through the Deuterium inventory under long time plasma discharges. Finally the in-situ leakage localisation of a damaged plasma

facing component is also one of the major ITER maintenance challenges that could use remote handling inspection tools. Preliminary

integration studies of the above listed processes onto the robot are described in the paper.
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In components of blanket modules for ITER, intricate cooling networks are needed in order to evacuate all heat coming from the

plasma. Hot Isostatic Pressing (HIPing) technology is a very convenient method to produce near net shape components with complex

cooling network through massive stainless steel parts by bonding together tubes inserted in grooves machined in bulk stainless steel.

Powder is often included in the process so as to release difficulties arising with gaps closure between tube and solid part or between

several solid parts. In the mean time, it releases the machining precision needed on the parts to assemble before HIP. 

However, inserting powder in the assembly means densification, i.e. volume change of powder during the HIP cycle. This leads to

global and local shape changes of HIPed parts. In order to control the deformations, modelling and computer simulation are used.

This modelling and computer simulation work has been done in support to the fabrication of a shield prototype for the ITER blanket.

Problems such as global bending of the whole part and deformations of tubes in their powder bed are addressed. It is important that the

part does not bend too much. It is important as well to have circular tube shape after HIP, firstly in order to avoid their rupture during

HIP but also because non destructive ultrasonic examination is needed to check the quality of the densification and bonding between

tube and powder or solid parts; the insertions of a probe in the tubes requires a minimal circular tube shape. 

For simulation purposes, the behaviour of the different materials has to be modelled. Although the modelling of the massive stainless

steel behaviour is not neglected, the most critical modelling is about power. For this study, a thorough investigation on the powder

behaviour has been performed with some in-situ HIP dilatometry experiments and some interrupted HIP cycles on trial parts. These

experiments have allowed the identification of a compressible viscoplastic model (improved Abouaf model by tacking into account

some strain hardening of the powder material). Some other important modelling side effects such as coupling of thermal properties of

the powder with density are taken into account. 

Validity of the modelling has been assessed on several fabricated partial scale mock-ups (small elementary mock-ups and a partial full

scale mock-up) in terms of global shape changes (3D simplified FEM mesh) and local deformations of the tubes (2D detailed FEM

mesh). The simulation has also been used as a tool to study some particular local configurations of tube embedded in powder when

designing the fabrication procedure.
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Three-dimensional finite element radiation transport calculations in support

of ITER design integration (P2-G-241) 

Raul Pampin, Michael Loughlin

EURATOM/UKAEA Fusion Association Culham Science Centre OX143DB Abingdon UK

Finite element tools have the potential to provide fast and consistent three-dimensional nuclear analysis capability for radiation

transport problems in fusion technology design. The main advantages over Monte Carlo methods, more commonly used in fusion

engineering, are (i) they provide the solution throughout the entire spatial domain, assuming an appropriate design of the finite elements

mesh, and (ii) they greatly speed up the analysis process thanks to the capability of direct input of the geometry from engineering

design in CAD format, and to the use of automatic mesh generators.

The use of finite element radiation transport tools for fusion applications is currently being assessed by the European fusion

programme, and this paper presents a first sample of the methodology developed and calculations performed so far. Results are

presented from two such assessments in support of ITER design integration. A complete 40o sector of the machine and the LIDAR port

and diagnostic design have been analysed using ATTILA, a finite elements Sn neutron-gamma transport code using three-dimensional,

unstructured, tetrahedral grids. Results obtained include neutron/photon power flux throughout the geometry and energy absorption in

structural/shielding materials. Those for LIDAR are compared with previous work using the Monte Carlo code MCNP. 

The agreement between the codes is reasonable, results being typically within 20% of each other. This encourages persevering in the

development of usage expertise and range of application of this kind of tools. The analysis process has identified issues which could be

improved, and developed strategies to tackle them, such as the transfer of CAD geometry to convenient ATTILA input through

interaction between the engineer and the nuclear physicist.
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THE LASER IN VESSEL VIEWING SYSTEM (IVVS) FOR ITER: TEST RESULTS

ON FIRST WALL AND DIVERTOR SAMPLES AND NEW DEVELOPMENTS

(P2-G-249) 

Carlo Neri(1), Luciano Bartolini(2), Alberto Coletti(2), Mario Ferri de Collibus(2), Giorgio Fornetti(2), Fabio Pollastrone(2), 

Marco Riva(2), Luigi Semeraro(2)

1. ENEA/EURATOM Fusion Association Via Enrico Fermi 45 I-00044 Frascati (RM) Italy
2. Associazione EURATOM- ENEA sulla Fusione, Via Enrico Fermi 45, I-00044 Frascati (RM), Italy

A prototype of the laser In Vessel Viewing and ranging System (IVVS) was developed at ENEA laboratories in Frascati. It is based on

an amplitude modulated laser radar designed to withstand the severe ITER conditions.  

IVVS (In Vessel Viewing System) probe has been designed and built to perform sub-millimetric amplitude and range images inside

ITER during maintenance procedure. This means that IVVS has to properly operate under UHV ( 10-9mbar), HT (up to 200°C), HB (

up to 6 T) and ? radiation ( up to 5 MGy  total exposure). IVVS is foreseen to be introduced into ITER by means of a proper carrier

through the Divertor Port. For economical reasons, the present probe has been designed to operate under room conditions using, as far

as possible, materials/components, for the optics and the frame, expected to withstand ? radiation (fused silica, stainless steel,

aluminium, etc). The most critical part of the system, the fiber optic optical encoder, was successfully tested in Mol, by SCK-CEN

laboratories, under gamma irradiation at 15 KGy/h up to a dose of 2.47 MGy. The paper describes the first results of the

characterization of the IVVS probe under room conditions at Frascati Labs. The characterization have been performing on a full scale

mock-up of the first wall panel and of the divertor vertical target. The surfaces of these components are considered characteristics of

several in-vessel components.

Furthermore the paper discusses and describes new developments to increase the overall IVVS performances and functionality.
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Guidelines for Remote Handling Maintenance of ITER Neutral Beam

Components (P2-G-263) 

Jean-Jacques Cordier(1), Ronald Hemsworth(2), Pascal Bayetti(2), Jean-Pierre Friconneau(3), Olivier David(3), Samuele Dal

Bello(4), Diego Marcuzzi(4), Antonio Masiello(4), Pierluigi Zaccaria(4), Ivone Benfatto(5), Pier Liuigi Mondino(5), Jim

Palmer(5), Arturo Tanga(6), Alessandro Tesini(7)

1. Association Euratom-CEA, DSM, DRFC CEA Cadarache 13108 St Paul Lez Durance France
2. Association Euratom CEA, CEA/DSM/DRFC Cadarache 13108 St Paul Lez Durance France
3. CEA Fontenay-aux-Roses , DRT/DTSI Route du Panorama 92265 Fontenay-aux-Roses France
4. Consorzio RFX - Associazione EURATOM -ENEA sulla fusione Corso Stati Uniti 4 I-35127 Padova Italy
5. EFDA Close Support Unit Boltzmannstr. 2 85748 Garching Germany
6. ITER Garching Joint Work Site, Max-Planck-Institut für Plasmaphysik Boltzmannstrasse 2 D-85748 Garching Germany
7. ITER Naka Joint Work Site, JAEA 801-1 Mukouya 311-0193 Naka-shi Japan

Remote handling maintenance of ITER components is one of the main challenges of the ITER project. This type of maintenance shall

be operational for the nuclear phase of exploitation of ITER, and be considered at a very early stage since it significantly impacts on the

components design, interfaces management and integration business. A large part of the R/H equipment will be procured by the EU

partner, in particular the whole Neutral Beam Remote Handling (RH) equipment package. A great deal of work has already been done

in this field during the EDA phase of ITER project, but improvements and alternative option that are now proposed by ITER lead to

added RH and maintenance engineering studies. 

The Neutral Beam Heating & Current Drive system1 is being revisited by the ITER project. The vertical maintenance scheme that is

presently considered by ITER, may significantly impact on the reference design of the Neutral Beam (NB) system and associated

components and lead to new design of the NB box itself. In addition, revision of both NB cell radiation level zoning and remote

handling classification of the beam line injector will also significantly impact on components design and maintenance.

Based on the experience gained on the vertical maintenance scheme, developed in detail for the ITER Neutral Beam Test Facility2 to

be built in Europe in a near future, guidelines for the revision of the design and preliminary feasibility study of the remote handling

vertical maintenance scheme of beam line components are described in the paper. A maintenance option for the SINGAP3 accelerator

is also presented.

[Ref. 1] ITER Detailed Design Documentation 2.3 & 5.3

[Ref. 2] EFDA work programs ref. TW4-THHN-IITF1 & TW4-THHN-IITF2

[Ref. 3] SINGle Aperture-single GAP accelerator, alternative concept to the MAMuG reference option for ITER
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STRUCTURAL AND FRACTURE MECHANICS ANALYSIS OF ITER VACUUM

VESSEL (P2-G-273) 

Masahide Iguchi, Masakatsu Saito

Institute of Engineering Mechanics, University of Tsukuba Tennodai 1-1-1 305-8573 Tsukuba Japan

The ITER vacuum vessel (VV) is a double-wall torus and a safety component confining radioactive materials such as tritium and

activated dust. The eddy currents are induced on VV by plasma centered disruption (CD). And the electromagnetic (EM) force induced

by an interaction of the eddy currents and the magnetic fields is applied on VV in the direction of center of plasma. During ITER

machine life time, the assumed number of CD is 3000 and VV must assure the safety operation of ITER. Hence a structural and a

fatigue crack growth analysis are required.

The purpose of this study is to confirm the structural integrity of VV by global 3-D finite element model using shell element and

evaluation of acceptable initial crack size of VV by a linear elastic fracture mechanics. The fatigue crack growth is evaluated using the

cracks modeled by the local 3-D finite element model to calculate a stress intensity factor K as a function of crack size. 

During the current quench, plasma current drops from 15[MA] to 0[MA] in 27[ms]. It is assumed that CD occurs at start-of-flat (SOF)

and end-of-burn (EOB). 

As a result of structural analysis, the principal stress in outboard region is mainly compression in direction of troidal and in inboard

region is mainly tension in the same direction. The maximum Von-Mises stress of about 129[MPa] appears at the joint of outer shell of

equatorial port and toroidal rib at EOB. 

To study fracture mechanics analysis, two local models of VV are created from VV global element model in the two small regions in

which maximum stress in inboard region and outboard region respectively appears. The local models of VV have a crack and the K

values are calculated for various crack size whose depth are from 2[mm] to 10[mm] every 2[mm] and 15[mm]. The possibility of

unstable fracture is evaluated by comparison of K value with fatigue fracture toughness Kc.&#12288;And the fatigue crack growth is

calculated by use &#8895;K -da/dN curve.  

As a result of this analysis, maximum K value is estimated to be about 20[MPam1/2] at the inboard region which has a semi elliptical

crack with depth of 15[mm] and width of 80[mm]. There is no significant unstable fracture and crack growth within the anticipated

number of CD in ITER scenario.
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use of power line transmission and FSK principles : one way to drive

embedded CMM actuators or sensors (P2-G-324) 

Alain GIRAUD

CEA Saclay Gif-sur-Yvette-Cedex 91191 Saclay France

The well-known power line transmission method often implemented on consumer applications has also proven its capacity for data

exchange in severe environments and wire number limitation.

An other application is for the remote control of the maintenance engines of the ITER reactor.  

A mock-up was initially designed and experimented to transfer digital data from slow timing access sensors to a distant control room. 

Data was transferred using a FSK (Frequency Shift Keying) protocol with frequencies chosen in order to minimize distortion due to

severe environment (250kHz for logical high state and 125kHz for low state). 

As the modulated signal was too weak to be mixed with the supply voltage for power line transmission, a power stage using push-pull

and OPA was added to deliver enough current to modulate the supply voltage and limit the switching distortion.

To increase the effect of wires limitation and simplified the signal, the clock signal was integrated to the data signal. Many protocols

can be found in the literature. But the one used here, and yet present on other nuclear developments, converts digital signals as PWM

(Pulse Wave Modulation) signals.

The full mock-up was then submitted to various long term tests at high temperature (80°C to 150°C). A great stability was observed for

all the signals (clock, FSK and PWM signals, power line signal). Neither supply nor modulated signals did present any failure state

while line was differently loaded.

To complete the data link, a demodulation module was finally realised with modules similar to those described here, the underlying

goal being to export these developments to embedded actuators.

To validate the principle, a prototype was realised and irradiated to Co60 high dose rate environment (5 to 8 kGy/h).

Results were valid for a data transmission below a dose of 3MGy. From this threshold, failures occurred into some electronic

components. The functionality of the data transmission can be recovered by changing them.

By combining these results with those from temperature tests, we can make the following conclusions:

-	On one hand, the principle described in this paper can be used to reduce the size of the umbilical.

-	On the other hand, the use of the proposed method is limited to a slow timing response of sensors or actuators.
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Water hydraulic polymer components under irradiation. Mechanical

properties. (P2-G-343) 

Teresa Hernandez(1), Eric R Hodgson(2)

1. CIEMAT, FUSION Avenida Complutense 22 28040 MADRID SPAIN
2. CIEMAT- Fusion Nat. Lab Avda Complutense 22 28040 MADRID SPAIN

Polymers will be used as different sealing and glide components for the hydraulic remote handling systems for lifting and moving

activities in ITER. During operation these materials must maintain their properties during prolonged gamma irradiation and in the

presence of water at or near room temperature. Preliminary results showed that the irradiation environment could affect the degradation

process of the polymers and their hardness increase was different for irradiations carried out to 10 MGy in dry nitrogen or water.

Vickers hardness tests were performed to study in detail the change in the mechanical properties of the candidate materials proposed for

seals and wipers. Three different polymer materials have been tested as possible seals and O-rings: PEEK, Polyethylene (UHMW-PE),

and Polyurethane. Specimens of each material have been irradiated with 60Co gamma rays up to 10 MGy in water. Following

irradiation mechanical testing (tensile and microhardness) and also some microstructural observations of the fracture mode were carried

out.

The main results will be presented and discussed. Of the three materials, PEEK was outstanding, showing excellent mechanical

behaviour for the doses and the irradiation conditions studied. Up to 10 MGy, neither hardness nor tensile strength were modified. In

the case of polyethylene and polyurethane, the tensil failure mechanism varied with irradiation and give rise to lower ability for

bending. However, up to 10 MGy the measured tensile strength and hardness data are acceptable for the working conditions studied.
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DTP2 Laboratory Situation in Tampere, Finland (O4B-G-386) 

Arto Timperi

VTT Industrial Systems Box 1300 FI-33101 Tampere Finland

Remote Handling is very important technology in the ITER project. Even ITER is regarded as a fairly long project, for the remote

handling methods, tools and systems there is not very much development time provided. The technology has to be developed and

demonstrated a long before supplied to the site in Cadarache. This is a large challenge, because the complex operations and extremely

high reliability requirements.

In the end of 2004, the Remote Operation and Virtual Reality Centre (ROViR) was established in Tampere Finland. The start up for

this facility creation was an agreement with EFDA to host the Divertor Test Platform 2 (DTP2) in Finland. During the year 2005 the

ROViR Centre was put in action. The construction work for DTP2 is currently going on and the platform should be ready for hosting

the remote handling development by the end of 2006. After that the laboratory will receive the robots, tools and employees for the

DTP2 operation.

This abstract will give an overview of the DTP 2 platform in Tampere Finland as well as describe some other projects started in 2005.

Presentation describes some problems of the ITER remote handling and tells about the state-of-the-art solutions. It also highlights some

of the next tasks after putting the DTP2 platform in action. There are a plenty of tasks in the development of the ITER remote handling,

after DTP2 laboratory is established.
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DESIGN PROGRESS OF THE ITER VV SECTORS AND PORT STRUCTURES

(P2-G-389) 

Yuri Utin

ITER Garching Joint Work Site, Max-Planck-Institut für Plasmaphysik Boltzmannstrasse 2 D-85748 Garching Germany

The ITER vacuum vessel (VV) is an all-welded torus-shaped double-wall structure with stiffening ribs between the shells. The VV

main function is to provide the high-vacuum and primary safety boundary. The vessel also supports in-vessel components such as the

blanket modules and the divertor cassettes. Along with these components, the VV provides radiation shielding – the neutron heat is

removed by water circulating between the shells. To satisfy the manufacture and assembly needs, the VV consists of nine sectors. To

provide access inside the vessel for auxiliary plasma heating, diagnostics, vacuum pumping and other needs, the VV is equipped with

upper, equatorial, and lower ports that are often occupied by the port plugs. The three ports dedicated for neutral beam (NB) injection

are located at the equatorial level.

As the ITER construction phase approaches, the VV design has been improved and developed in more detail with the focus on

improved manufacture and reduced cost. Based on achievements of manufacturing studies being performed in cooperation with

industry, design improvement of the typical VV sector (#1) has been nearly finalized. Design improvement of other sectors is in

progress - in particular, of the VV sectors #2 and #3 which interface with the NB ports. For all sectors, the concept for the in-wall

shielding has been improved and developed in more detail.

The design progress of the VV sectors #2-3 has been accompanied by the progress of the NB port design (including the high-heat-flux

components to handle the heat flux input of the neutral beams). Design of other port structures has also progressed. Thus, supporting

and sealing components between the port plugs and the ports have been further developed with the focus on improved structural

performance and maintenance. At the lower level, there are full-size ports, and the pipe feedthroughs and local small penetrations.

Design of all port structures at this level has progressed towards completion.

The VV must withstand loads induced directly in the vessel and those transmitted from the in-vessel components. Structural analyses

confirm the VV and Port strength with sufficient safety margin.  Special attention has been paid to the performance of the

high-heat-flux components of the NB ports – a thermal fatigue analysis has been carried out in support of the design progress.

Details of the current VV design and results of the related analyses are reported in this paper.
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A mobile robot with parallel kinematics constructed under requirements for

assembling and machining of the ITER vacuum vessel. (P2-G-408) 

Pekka Pessi(1), Huapeng Wu(1), Heikki Handroos(1), Lawrence Jones(2)
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ITER sectors require more stringent tolerances ±5mm than normally expected for the size of structure involved. The walls of ITER

sectors are made of 60mm thick stainless steel and are joined together by high efficiency structural and leak tight welds. In addition to

the initial vacuum vessel assembly, sectors may have to be replaced for repair. Since commercially available machines are too heavy

for the required machining operations and the lifting of a possible e-beam gun column system, and conventional robots lack the

stiffness and accuracy in such machining condition, a new flexible, lightweight and mobile robotic machine is being considered.

For the assembly of the ITER vacuum vessel sector, precise positioning of welding end-effectors, at some distance in a confined space

from the available supports, will be required, which is not possible using conventional machines or robots. This paper presents a special

robot, able to carry out welding and machining processes from inside the ITER vacuum vessel, consisting of a ten-degree-of-freedom

parallel robot mounted on a carriage driven by electric motor/gearbox on a track. The robot consists of a Stewart platform based parallel

mechanism. Water hydraulic cylinders are used as actuators to reach six degrees of freedom for parallel construction. Two linear and

two rotational motions are used for enlargement the workspace of the manipulator. The robot carries both welding gun such as a TIG,

hybrid laser or e-beam welding gun to weld the inner and outer walls of the ITER vacuum vessel sectors and machining tools to cut and

milling the walls with necessary accuracy, it can also carry other tools and material to a required position inside the vacuum vessel .

For assembling an on line six degrees of freedom seam finding algorithm   has been developed, which enables the robot to find welding

seam automatically in a very complex environment.  In the machining multi flexible machining processes carried out automatically by

the robot have also been investigated, which include edge cutting, smoothing and defect points milling. The kinematic design of the

robot has been optimised for ITER access. A virtual prototype of the parallel robot is built. Parts of the robot are studied separately by

finite element analysis. Important parts from view of deformation are studied separately by FE-software. The weight and deflections are

most important factors in the carriage design. Small deformations of carriage will multiply to the robot’s end-effector. A dynamical

behaviour of the whole robot is studied by multi-body system simulation. Flexible parts in addition to rigid parts are used in the MBS

model. The virtual prototype contains hydraulic components also.

272



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: G - Vessel/Vessel-in Engineering and Remote Handling

Remote Handling behind port plug in ITER (P2-G-414) 
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Different Test Blanket Modules (TBM) will be used in succession in the same equatorial ports of ITER. The remote handling

operations for connection/disconnection of an interface between the port plug of the EU-HCPB-TBM and the port cell equipment are

investigated with the goal to reach a quick and simple TBM exchange procedure. This paper describes the operations and systems

which are required for connection of the TBM to its supply lines at this interface.

The interface is located inside the free space of the port plug flange between the port plug shield and the bioshield of the port cell

behind. The approach of the operation place is only available through a narrow gate in the bioshield opened temporarily during

maintenance periods. This gate limits the dimensions of the whole system and its tools.

The current design of the EU-HCPB-TBM foresees up to 9 supply lines which have to be connected inside the free space of one half of

the port plug flange. The connection operations require positioning and adjustment of the tools for each pipe separately. 

Despite the strict circumstances it is still possible to find such an industrial jointed-arm robot with sufficient payload, which can

penetrate into the working area. A mechanical system is necessary to move the robot from its storing place in the hot cell to the port

plug on 6 m distance.

Each operation requires different end-of-arm tools. The most special one is a pipe positioner tool, which can position and pull the pipe

ends to each other and align the tool before welding and hold them in proper position during the welding process.

Weld seams can be made by orbital welding tool. The pipe positioner tool has to provide place for welding tool. Using of inbore tool is

impossible because pipes have no open ends where the tool could leave it. Orbital tool must be modified to meet requirements of

remote handling because it is designed for human handling. The coolant is helium, so for eliminating the leak of helium it is of high

importance to find a safe way for weld seam audit. The installation and removal of thermal insulations around the pipes at the interface

is an additional requirement which has to be met by a special tool.

With application of a fast tool changer adapter the arm can easily exchange the tools stored in the envelope area of robot.

Conceptual design is made by CAD modelling. Work area accessibility is assessed using a kinematic analisys.
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The ITER Vacuum Vessel (VV) is a complex body supported in 9 points below lower ports by restraints in the radial, toroidal and

vertical directions. The applied load produces a combination of reaction forces, which must be consistent with the design of the

supported object. A reasonable sharing of the load among the supports is important for overall performance of the structure and helps to

avoid excessive stress at the joints between the VV and lower ports.

Optimization has been performed of the sharing of the total horizontal load applied to the ITER VV between radial and toroidal

restraints. An effective method of finding simple parametric relationships between the design parameters of supports and the balance of

the reaction forces has been developed. This allows purely analytical prediction of the sharing of the reaction forces for any desired

stiffness of the applied restraints with no need for finite element structural analysis, and also allows control of the sharing by a proper

selection of parameters of the supports. The method is based on the use of elementary mono-directional schemes – equivalent

oscillators built for the main global modes, in static problems. The types of schemes and parameters of their members, related to the

a-priori unknown stiffness of the VV structure under the supports, are found from consideration of the free vibration problem for the

object using a 3D model of the VV with mass simulators – a series of simple eigenvalue analyses with variation of stiffness of the

external restraints, that demands quite moderate computational resources. The equivalent schemes for the main modes not only enable

simple one-line analytical calculation of the natural frequencies at any desired stiffness of the supports, but also indicate the

contributions and balance of stiffness, to be considered in the static problem. The results of assessments of the reaction forces by direct

static structural analyses for several cases are in agreement with values predicted by theoretically obtained curves (the mismatch is

within 1%). The stresses in structures per unit of the reaction force found from these analyses enabled a search to be carried out for the

optimum sharing between radial and toroidal supports corresponding to the least maximum stress over the structure.

The paper describes the implementation of the method for the ITER VV horizontal support sharing problem and presents the

recommendations for the optimum design stiffness of the supports.
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The remote maintainability of the early ITER divertor cassette (based on the ITER 1998 design) was successfully proved during test

campaigns carried out in the Divertor Refurbishment Platform (DRP) at the ENEA research centre at Brasimone over the period

1999-2003.

Due to subsequent major modifications in the ITER divertor cassette design, the main focus over the past few years has been on the

design and manufacture of the various components, devices and tools needed for refurbishment of the new ITER 2001 Divertor

Cassette.

The design of this new cassette differs substantially from the earlier version: in particular the shape, weight and attachment system of

the Plasma Facing Components (PFC’s) has been completely revised, and this also entailed a review of the procedures adopted for its

refurbishment. 

One of the major requirements of the cassette refurbishment process is removal and replacement of the three PFC’s.  In the old cassette

concept, target replacement was performed by means of a purpose-built “C” frame slung from a standard bridge crane. The 2001

cassette design precludes such handling methods for a number of reasons, notably because of the extremely tight inter-PFC clearances,

and the need for controlled inclination of the target in addition to normal translational movements, both impossible with a simple

Cartesian crane.

To demonstrate the refurbishment feasibility operations for the new ITER Divertor 2001 cassettes, an experimental machine known as

the Plasma-Facing Component Transporter (PFCT) has been designed, fabricated and commissioned in the years 2004-5.  This full six

degree-of-freedom system has been designed to handle payloads of up to 5 tonnes with good positional accuracy, and axes capable of

very low joint velocities, including inclination of the PFC’s over the range of ±10° in both horizontal axes, and controlled rotation

about the vertical axis.  Preliminary trials carried out during the commissioning phase have proved its suitability for the remote

handling maintainability of the cassette, and further full remote trials are planned in the near future.

Details of the activities carried out and the results obtained will be illustrated and discussed in the paper.

275



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: G - Vessel/Vessel-in Engineering and Remote Handling

Design and Testing of the Fusion Virtual Assembly System FVAS1.0
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Abstract: Virtual assembly (VA), utilizing virtual reality (VR) technologies to plan and evaluate assembly process, retains the benefits

(time-saving, inexpensive and no hazardous) of VR technologies and conquers the shortcoming of physical prototypes, such as long

circle, high cost, low precision, and so on.

Presented in this paper is the Fusion Virtual Assembly System FVAS 1.0 that makes possible engineering application for assemblies of

large-scale complex nuclear facilities. FVAS 1.0 is designed to support the planning, evaluation and demonstration of assembly

process, and training assemblers, and to work on PC (personal computer) platform. In this paper, architecture and main features of

FVAS are introduced firstly. Then, design of the key sections (such as collision detection, virtual roaming) are described in detail.

Finally, some successful application cases are presented.

To enhance the real-time performance for large-scale nuclear facilities simulation, a policy based on separation of display scene and

collision detection scene has been adopted. The display scene can be predigested to reduce the time of scene refreshment, and the

collision detection performance is greatly improved by using the mature interference check ability of commercial CAD systems.

Convenient observation mechanism brings more practicability. So a multi-viewpoints roaming scheme has been utilized to facilitate

users’ assembly operation. Users can obtain much optical information from multiple angles by switching between multi-viewpoints.

The ESAT superconducting tokamak is characterized by large volume, complicated constitution and high assembly precision, e.g. the

strict precision requirement in the assembly for the three tori (the tori of vacuum vessel, thermal shield, and toroidal coil). FVAS 1.0

has succeeded in demonstrating the assembly process of ESAT components. Furthermore, FVAS 1.0 has been applied to evaluate

FDS-I (Fusion-Driven Sub-critical system) concept from assembly point of view. Now, the system is being improved to support

kinematics simulation, physics properties, collaborative assembly based on multi-users and multi-tools.

Key words: virtual assembly, collision detection, virtual roaming, nuclear device

276



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: G - Vessel/Vessel-in Engineering and Remote Handling

The Draining and drying experiments for the plasma vessel cooling pipes of

the Wendelstein 7-X Stellarator (P2-G-519) 

Romuald Dobosz(1), Antonio Cardella(2), Manfred Wanner(2), Giovanni Dell Orco(3), Andre Opitz(2)

1. Warsaw University of Technology, Materials Science Faculty 141 Woloska Street 02-507 Warsaw Poland
2. Max Planck Institut für Plasmaphysik IPP Wendelsteinstrasse 1 17491 Greifswald Germany
3. ENEA CR Brasimone, FIS ING Bacino del Brasimone I-40032 Camugnano (BO) Italia

The aim of the Wendelstein 7X experiment is to prove that the stellarator concept is a desirable alternative to the tokamak on the way to

a fusion power reactor. The magnetic field is generated using superconducting coils, which allow steady-state operation of W7-X. For

thermal insulation this superconducting magnet system is integrated into a cryostat. The W7-X cryostat is toroidal in form and consists

of a plasma vessel (PV) as the inner vessel, the outer vessel, the thermal insulation and the ports connecting the plasma vessel with the

outer vessel. The plasma vessel is cooled or heated by 40 pipelines; each line of approx. 64 m in length, a diameter of 12 and thickness

2 mm. They are designed for the temperature control of the plasma vessel throughout the experiment and its steady heating during

bake-out. The pipelines are attached on the outer surface of the PV and must be separated from the cryo chamber by a super-insulation

layer. For safe operation they need to be drained and dried. If the insulation deteriorates and a flow standstill inside the pipelines occurs

too, they may freeze up and cause breakages and water leaks. The layout of water pipes, which is determined by the complicated shape

of plasma vessel, causes that charging by gravity is not possible. The draining and drying experiments performed at the Max Planck

Institute für Plasma physic in Greifswald proved different methods to completely fill and remove water from pipes.

The filling procedure was executed by pumping the water with 4.9 bars into a mock-up of one pipeline, which was evacuated to

approximately 2 mbars absolute pressure. The authors applied two different ways to discharge water; nitrogen and dry air. The pressure

of nitrogen was changed from 10 to 35 bars to evaluate the most effective value for blowing water out from pipe line. The air was

blown at low pressure and with an equivalent dew temperature of – 18 oC. The drying was executed by dry air at the same conditions

as those used for the draining, alcohol or vacuum pumping.

The results of the experiments have shown the best method for draining and drying of water pipes of plasma vessel, the hydraulic

parameters to be used and determined the final design of the hydraulic loop. The paper describes the experiments, reports the results

obtained and the background for the design choices.
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The ITER divertor maintenance takes place approximately every second year. The maintenance occurs in very harsh and mechanically

complicated environment. Due to the critical nature of the maintenance operations, the maintenance equipment design and the operation

cycle will be verified in DTP2 test platform, in Tampere, Finland. 

TUT/IHA is working on the ITER divertor maintenance devices. Due to the complexity of the operation environment and tasks to be

performed, 3d models and kinematic simulation have been valuable tool when developing the devices. Further, IHA has integrated to

the models also dynamic properties of the device, so that it can be discussed as a virtual prototype. The virtual prototype can be used to

verify the operation of the device, the operation cycle and also as a platform for developing the control software for the device. 

For device development, the virtual prototype is used to analyze the dynamic behavior, loading and flexibility of the device. The virtual

prototype was also connected to real hardware to verify the operation of one joint. Then, the virtual model in computer was run and the

output of the joints was given to a hydraulic cylinder representing disturbance load for an other hydraulic cylinder, which was operating

under control software and aiming to move smoothly regardless of the disturbance load. By that way we were able to verify that the real

system operates close enough with the simulation model. 

The virtual model is also used to shorten the time to get the DTP2 platform working. The CMM control software is done with virtual

models as ready as possible. The CMM virtual model is connected to one-joint control hardware which allows developing the controller

software one joint at time. 

In this paper, also other possibilities to use virtual prototypes in ITER divertor maintenance development are discussed.
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Various barrier layers are considered for protection of materials against tritium permeation. Permeability through protected materials is

often observed to be much higher than it was expected. This may be explained by imperfection of the barrier layer. Particularly, one

may suggest that the system of micro cracks develops in the layer, so gas molecules are allowed to penetrate through the cracks towards

the substrate surface, dissociate there and diffuse through the substrate.  

Numerical modeling of gas driven permeation through the membrane covered by an impermeable barrier layer with cracks has been

performed in this work. Diffusion in the membrane beneath the barrier layer is considered in the 3D geometry. 

3D calculations are compared with 1D calculations. It has been shown that the two approaches give similar results in any regime of

permeation if the characteristic relief dimensions are much less than the membrane thickness. 

Permeation rate increases both with the cracking parameter &#945;, which is the part of the surface open for gas by barrier layer

cracking, and the permeation number W, which   characterizes the regime of permeation through the bare membrane (W>>1 gives the

diffusion limited regime, while W<<1 gives the surface limited regime). 

The materials that normally are characterized by the DLR permeation are more sensitive to imperfection of the protection layer than

materials that normally are characterized by SLR. 

If W>>1 (DLR of bare membrane), PRF is reduced to the unacceptably low value PRF=10 if only &#945;=0.001% of the substrate

surface becomes open due to the imperfections of the protection layer. The barrier becomes practically as permeable as the bare

membrane if &#945;=0.01-0.1%.

If W<<1 (SLR of bare membrane), the imperfection of the protection layer is allowed to be much larger. At &#945;=0.01% the value of

PRF=10000 remains still high.  

Analytical formulas were derived for PRF(&#945;, W). 

The work was supported by ISTC Grant #2805.
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The CAPER facility at the Tritium Laboratory Karlsruhe has been used since 1995 for reactor scale experiments to process tritiated

gases similar to those anticipated in the exhaust from the ITER vacuum vessel and to develop devices similar to those proposed for the

Tokamak Exhaust Processing system of the ITER Tritium Plant. After 8 years of operation, a permeator, used to separate hydrogen

species from processed gases, ceased operation due to multiple heater failures. This permeator was removed from CAPER in 2004 and

later subjected to post service examination to determine the cause of the heater failures. Equally importantly, it was necessary to make

measurements to determine the tritium inventory embedded in the structure before safe disposal could be undertaken. The paper will

describe the methods used to determine the location of the failures in the heaters, which were all in the hot zones, and the likely cause

of the failures. Destructive examination was undertaken to determine the quantity of tritium embedded in various sections of the

permeator assembly and the paper will describe the method used, adapted from a full combustion technique used for the determination

of the tritium embedded in carbon wall tiles from JET. Of most interest was the presence of a fine black powder deposit. Presumed to

be primarily carbon, which coated the inner surfaces of the inlet section where the gases to be processed first arrive. This powder

contained nearly half of the tritium within the permeator and a small residue remained after full combustion, suggesting that the powder

had a small fraction of metal. The likely source of the powder, potential methods for further analysis and the consequences for the

operation and eventual decommissioning of the ITER Tritium Plant will be discussed.
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A neutronics experiment has been performed in the frame of European Fusion Technology Program on a mock-up of the EU Test

Blanket Module (TBM), Helium Cooled Pebble Bed (HCPB) concept, with the objective to validate the capability of nuclear data to

predict nuclear responses, such as the tritium production rate (TPR), with qualified uncertainties. The experiment has been carried out

at the FNG 14-MeV neutron source in collaboration between ENEA, Technische Universität Dresden, Forschungszentrum Karlsruhe, J.

Stefan Institute Ljubljana and with the participation of JAEA. The mock-up, designed in such a way to replicate all relevant nuclear

features of the TBM-HCPB, consisted of a steel box containing beryllium block and two intermediate steel cassettes, filled with of

Li2CO3 powder, replicating the breeder insert main characteristics: radial thickness, distance between ceramic layers, thickness of

ceramic layers and of steel walls.

In the experiment, the TPR has been measured using Li2CO3 pellets at various depths at two symmetrical positions at each depth, one

in the upper and one in the lower cassette. Twelve pellets were used at each position to determine the TPR profile through the cassette.

Three independent measurements were performed by ENEA, TUD/VKTA and JAEA. The neutron flux in the beryllium layer was

measured as well using activation foils. 

The measured tritium production in the TBM (E) was compared with the same quantity (C) calculated by the MCNP.4c using a very

detailed model of the experimental set up, and using neutron cross sections from the European Fusion File (EFF ver.3.1) and from the

Fusion Evaluated Nuclear Data Library (FENDL ver. 2.1, ITER reference neutron library). C/E ratios were obtained with a total

uncertainty on the C/E comparison less than 9% (2 s). A sensitivity and uncertainty analysis has also been performed to evaluate the

calculation uncertainty due to the uncertainty on neutron cross sections. The results of such analysis, carried out using both Monte

Carlo and deterministic codes, shows that the uncertainty due to cross sections amounts to < 5% (2 s). The C/E comparison shows that

the calculation of the tritium production is underestimated by a 5-10% and is within the combined uncertainty margin of the

measurements and the calculations. The obtained results indicate that design calculations of the tritium breeding ratio provide

conservative results for the fusion reactor employing a HCPB type breeder blanket.
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On several experimental tokamaks, pellet injection has been found to trigger Edge Localized Modes (ELMs) in H-mode plasmas. This

can provide a technique for ELM amelioration by reducing the ELM size with small high frequency pellets. The key for success

appears to be small pellets that penetrate just beyond the separatix, enough to trigger an ELM, but not enough to strongly fuel the

plasma.  A pellet dropper device is under development at the Oak Ridge National Laboratory (ORNL) that will be suitable for such

ELM studies on DIII-D. The pellet dropper consists of a batch extruder with a curved exit nozzle to provide a filament of deuterium ice

(<=1 mm diameter) from which pellets will be cut and dropped at rates of up to ?50Hz and at speeds of <=50 m/s. The pellets will be

propelled directly downward into an existing vertical injection port on DIII-D. The extruder will be cooled with a Gifford-McMahon

cryo-cooler for simplified installation and operations. The pellet droplet device will be assembled and tested in the laboratory at ORNL,

and the operating parameters and reliability will be determined and documented. Subsequently, the device will be installed on DIII-D

and used for experimental studies of ELM triggering. In this paper, the design and the initial test results will be presented, and the

installation on DIII-D will be described.

*Research sponsored by Office of Fusion Energy Sciences, U.S. Department of Energy, under contract DE-AC05-00OR22725 with

UT-Battelle, LLC.
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The Water Detritiation System (WDS) of ITER is one of the key systems to control the tritium content in the effluents streams, to

recover as much tritium as possible and consequently to minimize the impact on the environment. In order to mitigate the concern over

tritium release into the environment during pulsed operation of the Torus, the WDS and Isotope Separation System (ISS) will operate in

such way that WDS will be a final barrier for the processed protium waste gas stream discharged from ISS. The ITER ISS consists of a

cascade of four cryogenic distillation columns with the aim to process mainly two gas streams, one from Torus exhaust and other from

WDS mixed with the returned stream from Neutral Beam Injectors (NBI).  The behavior of the CD cascade has to be characterized with

high accuracy with respect to thermal and isotopic fluctuations during Torus pulses. 

     To support the research activities needed to characterize the performances of various components for WDS and ISS processes in

various working conditions and configurations as needed for ITER design, an experimental facility called TRENTA based on the

combination Combined Electrolysis Catalytic Exchange (CECE) – Cryogenic Distillation (CD), representative of the ITER WDS and

ISS protium separation column, is under full commissioning at TLK.

The CECE process consists of a solid polymer electrolyser unit as envisaged to be used in ITER WDS, and an 8 m Liquid Phase

Catalytic Exchange Column (LPCE). The Electrolysis unit was commissioned with tritiated water and the enrichment factor was

measured.

     The experimental program on the Cryogenic distillation facility at TLK is conducted to provide the necessary design and operation

information for ITER ISS. It is focused on two major issues: 

- To investigate the separation performances and liquid hold up of different packings in cryogenic distillation process and to validate

the steady-state mathematical modeling of the process. 

- To investigate the CD process during isotopic and thermal transitory regimes. The experimental data obtained on TRENTA facility

will allow the dynamic modeling code to be improved and benchmarked against ITER relevant operation conditions. 

The refrigeration unit of 250 W capacity at 16K was commissioned and tests related to separation performances of a 3 m CD column

are on-going.
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The Tokamak Exhaust Processing (TEP) system within the Tritium Plant of ITER needs to be designed such that tritium is recovered

from all exhaust gases produced during different modes and operational conditions of the vacuum vessel. The reference process for the

TEP system of ITER is called CAPER and comprises three different, consecutive steps to recover hydrogen isotopes at highest purity

for direct transfer to the cryogenic Isotope Separation System.

The second step ("impurity processing", IP) of the CAPER process developed at TLK is carried out in a closed loop involving

heterogeneously catalyzed cracking or conversion reactions to liberate tritium from tritiated hydrocarbons or tritiated water combined

with permeation of hydrogen isotopes through a Pd/Ag permeator. This combination shifts chemical equilibria towards

dehydrogenation and therefore enables detritiation factors higher than 1000 in the IP stage.

A closed loop with a catalyst reactor and a permeator can in principle be operated in two different modes, the batch mode or the

continuous mode. In the batch mode the loop is filled with the gas to be detritiated, its cycled for a certain time until the tritium level is

sufficiently lowered, and then the loop is emptied for the next batch. In the continuous mode the loop is continuously fed with gas and

simultaneously gas is withdrawn from the loop.

Both modes are sensitive to different extents to the actual permeability of the Pd/Ag membrane, which unavoidably becomes

deteriorated by the decomposition of methane and coverage with carbon. Therefore, the permeator needs to be repeatedly regenerated in

order to sustain high decontamination factors.

In a series of tritium experiments with the CAPER facility at TLK a method has been developed to determine the actual performance of

the 2nd process step in both possible operation modes. During this experimental campaign the permeator has been operated with DT

mixed with tritiated methane under conditions that promote coking by hydrocarbon cracking. The reduction of both, the permeator

performance and the decontamination factor, has then been determined by measurements of process time constants and gas

compositions.

The experimental results will be presented and the feasibility of performance monitoring of the 2nd step of the TEP system of ITER

will be described. Details of the regeneration process will be reported and possible consequences for the design of the TEP system will

be discussed.
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The Helium-Cooled Pebble Bed (HCPB) blanket is one of two breeder blanket concepts developed in the framework of the European

Fusion Technology Programme for performance tests in ITER.  The related efforts currently focus on the design optimisation of

suitable Test Blanket Modules (TBM) and associated R&D activities. Four different HCPB TBM types are considered for addressing

issues related to (i) electromagnetic transients (EM),  (ii) neutronics and Tritium  (NT), (iii) thermo-mechanical properties of the pebble

beds (TM), and (iv) the integral performance of the blanket module (Plant Integration, PI).

The lay-out of the NT and the PI modules has been entirely revised to represent the latest HCPB breeder blanket concept for fusion

power reactors. A HCPB TBM consists of a steel box with an internal stiffening grid and small breeder units. The stiffening grid forms

radially running open cells accommodating the breeder units (BU). The BU consists of a back plate with attached breeder canisters

providing space for the breeder pebble beds. The space between the canisters and the stiffening plates is filled with Beryllium pebbles

for the neutron multiplication. The latest design assumes two vertically arranged breeder containers per BU with a toroidal bed height

of 10 and 24 mm, for NT and PI modules, respectively. Li4SiO4 is assumed as breeder material at 6Li enrichment levels between 40

at% (NT) and 90 at% (PI). 

This work is devoted to the neutronic, shielding and activation analyses performed recently for NT and PI variants of the HCPB TBM

in ITER. The analyses are based on three-dimensional neutronic and activation calculations making use of a 20 degree torus sector

model of ITER developed for Monte Carlo calculations with the MCNP code. The model includes a proper representation of the

horizontal ITER test blanket port, the water cooled support frame with two integrated HCPB blanket test modules, the radiation shield

and the port environment. Monte Carlo calculations were performed for assessing the nuclear performance of HCPB blanket test

modules in terms of the Tritium generation, the nuclear heating and the radiation shielding. The shielding calculations include the

evaluation of the transmitted neutron radiation and the gamma dose rate around the port after shutdown. Three-dimensional activation

and afterheat calculations were performed for the PI variant of the HCPB TBM to provide the data required for quality assured safety

analyses.
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Dedicated computational methods, tools and data have been recently developed in the framework of the European Fusion Technology

Programme to enable sensitivity and uncertainty analyses of fusion neutronics experiments. This allows to check the computational

predictions of the Tritium generation and the associated uncertainties against the experimental data provided in the neutronics

experiment at the Frascati Neutron Generator on a mock-up of the HCPB (Helium-Cooled Pebble Bed) breeder test blanket.

This work is devoted to the computational analyses of this experiment comprising the following steps: (i) Calculation of the Tritium

production rates (TPR) in the Li2CO3 pellets using a detailed 3D model of the experimental set-up; the Monte Carlo code MCNP and

the discrete ordinates code TORT were applied for these calculations with EFF-3 and FENDL-2.0/2.1 nuclear data. (ii) Sensitivity

calculations for the Li2CO3 pellets stacks to assess the sensitivity of the Tritium production to the reactions cross-sections of the

involved nuclides Be, 6,7Li, C and O; the calculations were performed with the MCSEN Monte Carlo code using the track length

estimator and, in parallel, with the deterministic SUSD3D code using neutron fluxes calculated by TORT in forward and adjoint mode.

(iii) Calculations of the data related uncertainties of the TPR using co-variance data from EFF (9Be, 6Li, 12C), FENDL-2 (7Li) and

JENDL-3.3 (16O); both probabilistic (MCNP/MCSEN) and  deterministic (TORT/SUSD3D) approaches were applied. (iv) Assessment

of the total uncertainties for the TPR including uncertainties of the measurements, the nuclear data and the calculations.            

The data related uncertainties of the calculated Tritium generation are in the order of 4 – 5 % (2 sigma). The main uncertainties are due

to the Be cross-section data. The total uncertainties of the predicted TPR including data uncertainties, statistical uncertainties of the

Monte Carlo calculation and the experimental uncertainties are in the order of 7 % (2 sigma). The observed underestimation of the

measured Tritium production by 5 to 10% on average is at the lower bound of the assessed uncertainty margin. The results obtained

indicate that design calculations for the Tritium Breeding Ratio of fusion power reactors employing a HCPB type breeder blanket are

conservative. Thus an additional TBR margin is provided which allows compensating for potential other uncertainties.
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Understanding of the release behavior of bred tritium from solid breeder materials is necessary to design tritium recovery system from

blanket of a fusion reactor because permeation loss of bred tritium in the piping system or type of tritium recovery system depends on

the tritium release behavior.

Chemical form of released tritium from Li4SiO4 (from FzK), LiAlO2 (from JAERI), Li2TiO3 (from CEA) and Li2ZrO3 (from MAPI)

under various purge gas condition is discussed in this study by using the data obtained from the out-pile tritium release experiment in

JAEA. It is experimentally confirmed in this study that not a little portion of bred tritium is release as the chemical form of HTO even

when hydrogen is added to the purge gas. It is also confirmed that desorption of surface water together with liberation of water vapor

formed by water formation reaction from contact of hydrogen with solid breeder materials at high temperature gives rather high partial

pressure of water vapor in the blanket purge gas.

Tritium liberation model to represent the release behavior of bred tritium from solid breeder materials has been developed by the

present authors considering tritium migration in bulk of grain, tritium transfer from bulk to surface and surface reactions on grain.

Then, competition of such surface reactions as adsorption/desorption, isotope exchange reaction with hydrogen in purge gas and isotope

exchange reaction with water vapor in purge gas decides the portion of HTO and HT. Using the tritium release model obtained so far,

the portion of HTO or HT released from solid breeder materials is estimated and compared with observed values under various

conditions in this study.

The tritium release behavior and chemical form of tritium in the test blanket module with solid breeder under the ITER condition is also

discussed based on the estimation obtained using the tritium release model formed by the present authors.
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It is one of the most important issues to recover tritium from a Li blanket system of a fusion reactor or from a Li target loop of IFMIF.

The concentration to recover tritium was targeted at 1 ppm from viewpoints of fusion reactor safety and allowable tritium inventory.

Hot traps packed with metal particle getters were considered to be efficient for the recovery of low-level tritium and nitrogen in Li loop.

Y was proposed as a unique metal that can recover sub-ppm level tritium. In the present study, the recovery of tritium from

neutron-irradiated Li by a thin Y plate was experimentally investigated.

   Li of 50 mg in a polyethylene capsule under He atmosphere was irradiated in Kyoto University Research Reactor under a flux of

2.3x1013 neutron/cm2s during several minutes. The concentration of tritium generated in Li was 0.07 to 4 ppb. Tritium recovery

operation was demonstrated using an Y plate immersed in neutron-irradiated Li in a Mo crucible in a quartz-glass reaction tube in an Ar

glove box. After a specified time of Y recovery operation, Li and Y were separately dissolved in distilled water and in a HNO3 acid

solution, respectively. Generated HT and HTO were purged away by Ar and were trapped separately using two water bubblers for HTO

trapping, a CuO particle bed for HT oxidation and ethylene-glycol bubblers for HTO trapping.

   Experimental data of tritium activity showed the following results: (i) Major part of tritium from irradiated Li before Y absorption

was HTO. This was because a small amount of (ppm or ppb level) oxygen inevitably covering on Li was combined with tritium. (ii)

Tritium generated in Li could be recovered by an Y plate even when the tritium concentration was 4 ppb. (iii) The chemical form of

tritium remained in Li was HT. This was because oxygen was preferentially absorbed by Y. (iv) HF treatment of Y surfaces was

effective for removal of oxide formed on Y surfaces. (v) YF3 formed by HF treatment was dissolved in liquid Li. Therefore Y surfaces

could be activated by the HF treatment.

   SEM-EDX analysis before and after HF treatment showed its effectiveness. H2 absorption rate was enhanced by the HF treatment. Y

hot trap for tritium recovery of IFLIF will be designed based on our previous solubility and diffusivity data determined under static Li

conditions (JNM Vol. 346, (2005) pp.293-297).
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We report preparation procedures for various forms of Li2TiO3, one of the most important candidates for tritium breeding. The

procedures, which utilize inexpensive, commercially available TiCl4, comprise the following main steps: 

(1)	TiCl4 is dissolved in concentrated aqueous HCl.

(2)	Chloride ions are eliminated by distillation with HNO3, repeated 5 times. Stable, transparent sols can be prepared with addition of

ascorbic acid or diluted HNO3. A metal catalyst (e.g., Pd salts) can be easily introduced to a resulting sol, in order to enhance the

release of tritium.

(3)	To prepare irregularly shaped powders of Li2TiO3, an aqueous solution of LiOH is added and the resulting sol is gelled by

evaporation under reduced pressure. Thermal and X-ray analyses indicate that the formation temperature of the final product

(&#61627;700&#61616;C) is substantially lower than temperatures necessary for conventional solid-state reactions and comparable to

those required with use of organometallic-based sol-gel methods. If the chloride ions are not removed, the formation temperature of the

Li2TiO3 is >1200&#61616;C.

(4)	To produce spherical powders (diameters <100 &#956;m), either (a) a titania sol emulsion in 2-ethylhexanol-1 containing the

surfactant SPAN-80 (EH) is prepared, or (b) droplets 500-1500 &#956;m in size are prepared within a tapered column. Gelation is

carried out by extraction of water with partially dehydrated EH. 

(5)	If a lithia-titania sol is used, it yields Li-depleted spheres owing to extraction of Li from the sol during water removal.  To produce

Li2TiO3 gel spheres, impregnation with aqueous LiOH is required. 

(6)	Final thermal treatment in air at &#61627;700&#61616;C produces Li2TiO3 powder or spheres.

Tritium release from sol-gel-derived Li2TiO3 microspheres was found to be very close to release rates observed for other comparable

materials. However, the release process began slightly sooner for the irregularly shaped powders.  This effect was probably due to the

morphology of the material.

The syntheses were carried out on a laboratory scale (&#61627;20 g/h). Based on experience gained in production of other ceramics on

the scale of 1 kg/h, we estimate the cost to produce 1 kg of Li2TiO3 spheres to be 150 €, with 80 € of the total due to the reagents. The

cost to produce irregularly shaped powders is estimated to be 90 €.
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Following the ITER site selection and procurement sharing negotiations, the EU Fuel Cycle R&D and design activities, previously a

broad-based programme embracing most systems of the inner Fuel Cycle loop, have been more tightly focused on the systems allocated

to the EU for in-kind supply. These include the Isotope Separation and Water Detritiation Systems (ISS and WDS) and the Cryopumps

for Torus Exhaust, Neutral Beam Injectors (NBI) and Cryostat pumping.

	Intermediate scale test loops have been built in the Tritium Laboratory Karlsruhe for investigation of the performance of the ISS and

WDS combination in the configuration proposed for ITER, where the hydrogen effluent stream from the ISS is further processed by the

WDS to minimize the tritium release from the Tritium Plant. Preliminary results will be presented. In addition to demonstration of the

performance of the ISS-WDS combination the endurance of key components which are potentially vulnerable to tritium exposure will

be investigated. These tests, of the electrolyser and wetproof catalyst which both contain organic materials, will extend the range of

tritium concentration and exposure time already covered in earlier screening tests.

	Following completion of  testing of a 50% ITER scale model Torus Cryopump, and supporting tests of  ITER-like cryopanels with

tritiated gas mixtures, a full scale prototype cryopump, with design improvements (for enhancement of safety, remote maintainability,

reliability, etc.) has been designed and will be built and tested. Features of the pump which differ from the 50% scale model pump

include increased thickness of the cryopanels to handle predicted upset pressures in the cryogen circuit, the provision of additional

pump volume to mitigate the effects of air inbreak events and helium (previously water) cooling of the valve inlet disc for increased

reliability. As there are eight torus exhaust and two cryostat cryopumps, all of similar design, and three large NBI cryopanel arrays with

the same panel construction, extensive testing to ensure compatibility with all design requirements is essential. 

	These components are being developed on time scales consistent with the generation of system performance data to support licensing

activities (for ISS-WDS) and early installation of cryopumps which will be needed for leak detection in the later stages of ITER

assembly, respectively.

(Topic H: Fuel Cycle and Breeding Blankets)
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ITER will provide three equatorial ports where ITER parties can insert their test blanket modules (TBMs) to test different blanket

concepts. The ITER TBM programs can be seen as extensive R&D on the blanket concepts and first wall in an integrated fusion

environment. Two types of solid breeder TBMs have been proposed by the US TBM program: a quarter-port sub-module and unit cell.

The quarter-port sub-module is under investigation in this study. The left half of the sub-module features layer configuration, where the

solid breeder pebble beds are parallel to the first wall. Edge-on configuration is used in the right half of the sub-module, where the

breeder pebble beds are placed perpendicular to the first wall. Extensive thermal analysis of the quarter-port sub-module, using a FEA

software package, is presented in this paper. The temperature profile of each part of the sub-module was studied in both steady and

transient states. The results showed that the temperature values of each material and/or part of the sub-module are within the design

limits of the thermo-mechanics TBM. Also, the results showed that the values of nuclear heating and heat transfer coefficient have

significant impact on the temperature profiles of the sub-module. In addition, transient thermal analysis was performed to study the

thermal performance of the quarter-port sub-module under ITER-relevant burn cycles.
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Forschungszentrum Karlsruhe (FZK) is developing the ITER prototype torus exhaust pumping system comprising 8 identical

cryopumps to provide a high pumping speed and capacity, as well as the 2 cryostat cryopumps and the 3 cryopump systems for the

ITER Neutral Beam Injectors. To pump helium and protium, which cannot be condensed at the available 5 K cooling conditions, the

cryopanels are coated with activated charcoal granules. As this holds for all the vacuum systems mentioned above, which incorporate a

similar modular cryopanel design, extensive testing was initiated to ensure compatibility to all design requirements. 

Therefore, a task was launched within the Task Force Fusion Technology at JET to build and install a large scale tritium test

arrangement, to assess in detail the charcoal-tritium interaction and to derive performance parameters essential to the design of the

ITER cryosorption pumps. For this purpose, a prototype cryosorption pump (PCP) comprising three ITER-relevant cryopanels was

designed and manufactured at FZK. Upon installation in one of the cryovacuum modules of the AGHS (Active Gas Handling System),

the PCP was at first used to pump tritiated gas from the torus and neutral beam injectors [1]. In a second experimental stage, the PCP

was undergoing a parametric programme in several campaigns with pre-defined gases fed from an external supply. 

This paper summarizes the conclusions drawn from the parametric programme and features some of the highlight results. It presents

measurements for competitive effects in concurrent pumping of gases pumped by sorption (helium) and gases pumped by condensation

(tritium), as it is typically the case for the ITER exhaust gas. The experiments at AGHS also included the investigation of any parasitic

effects of pre-sorbed hydrocarbons (methane, ethane, propane) on the nominal pumping performance of the cryopanels for

tritium-helium mixtures. Representative results will be presented. 

Based on the performance data measured in the PCP tests at JET, it could be confirmed that the cryosorption pumping concept (which

has been investigated in full detail in a parallel experiment for non-tritiated gases), is a sound and reliable solution for ITER. No

show-stoppers have been identified. 

[1] Chr. Day et al., Fusion Science and Technology 48 (2005) 29-34
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The in vessel tritium inventory control is one of the most ITER challenging issues which has to be performed to fulfil safety

requirements. This is due mainly to the presence of Carbon as a constituent of Plasma Facing Material (PFM) which leads to a high fuel

permanent retention. For several years now, physics studies and technological developments have been undertaken worldwide in order

to develop reliable techniques which could be used in ITER severe environment (Magnetic field, vacuum, high temperature) for in situ

tritium recovery. The scope of this presentation is to review the present status of these achievements and define the remaining work to

be done in order to propose a dedicated work program.

A brief description of the major results observed in tokamak concerning erosion, particle transport et redeposition of wall constituents

will be first presented. We will also focus on fuel trapping in the PFM and codeposited layer with a special insight of results obtained

during tokamak long pulse operation. A particular attention will be devoted to the observed properties of mixed material as beryllium

Carbide and on the expected consequences on material treatment. From these results, an extrapolation to the ITER operation constraints

will be crudely established.

The different treatment techniques currently used in fusion devices will be then reviewed from usual conditioning procedures as Glow

discharge to radio frequency or tokamak plasma assisted techniques. In the frame of ITER, they will be compared in term of fuel

removal efficiency. The capability of treating complex surfaces as voids or castellated structure as well as remote area will be also

addressed. 

The necessity to use additional in situ surface treatments in order to maintain tritium inventory under safety limits will be addressed.

These treatments mainly based on photo-cleaning (flash lamp or laser) or oxidation will be reviewed in term of possible consequences

on plasma operation and of expected technological problem.

	Ad last, a work program which has to be undertaken in term of fusion technology developments in order to fulfil ITER requirements

on PFC treatments will be presented.
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The testing of Breeding Blanket concepts in ITER is recognized as an essential milestone in the development of a future reactor

ensuring tritium self-sufficiency, extraction of high grade heat and electricity production. Europe is currently developing two reference

breeding blankets for DEMO reactor specifications that will be tested in ITER: the Helium-Cooled Lithium-Lead (HCLL) blanket

which uses the eutectic Pb-15.7Li as both breeder and neutron multiplier, and the Helium-Cooled Pebble-Bed (HCPB) blanket which

features lithiated ceramic pebbles (Li4SiO4 or Li2TiO3) as breeder and beryllium pebbles as neutron multiplier. Both blankets are

using the pressurized He technology for heat extraction (8 MPa, inlet/outlet temperature 300/500°C) and a 9%CrWVTa Reduced

Activation Ferritic Martensitic (RAFM) steel as structural material, the EUROFER.

Referring to the so called “fast-track” EU scenario, those concepts are intended to be tested in ITER, getting the maximum of

information required for launching the DEMO blanket design and construction after the first 10 years of ITER operation. For that, the

EU has adopted a blanket testing strategy based on the development of Test Blanket Modules (TBMs) that are expected to use DEMO

relevant technologies and are designed for each ITER plasma phase to optimize the feedback and to avoid any impact on ITER

availability.

Following the decision on ITER construction, the EU has reviewed and detailed the fundamental elements for an implementation of the

future EU TBMs Project aimed at delivering TBMs Systems to ITER under suitable schedule and acceptance standards. For that the

following items have been analyzed in detail and are reported in the present paper:

•	Impact of the ITER environment (design, standards, schedule, operational scheme) on the TBM systems design and development plan

•	Project technical plan with focus on the next ten years up to the installation of the first TBMs in ITER

•	Project risk assessment based on the identification of critical path and open issues like the connection of the TBM project to the

materials development and qualification roadmap

•	Work Breakdown Structure

•	Baseline cost range scenario

•	Needs for competences and ressources. In particular, the future involvement of Industries within the TBM project is a key point for

ensuring the success of the project because: i) the licensing of the TBM systems in ITER will require QA on procurement, fabrication,

validation, time schedule; ii) the TBM program foresees the installation of several TBMs over the ITER lifetime; the reproducibility of

the TBM fabrication (ensuring a well defined control standard) is a key issue for satisfying constantly the licensing process.
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The High Average Laser Program (HAPL), based at the Naval Research Laboratory (NRL) in Washington, D.C., is pursuing an

injected, all-systems approach to Inertial Fusion Energy (IFE) with lasers. Various systems that would be involved in an IFE power

plant, such as the Laser drivers, cryogenic target design, target production, target delivery into the vacuum vessel chamber, chamber

design, and chamber materials to name a few, are all being developed in parallel at various laboratories, universities, and companies

across the U.S. While all such systems in an IFE power plant are essential, at the heart of the energy production is the fuel, the

cryogenic target. The emphasis at General Atomics is the development of cryogenic targets within physics specifications, the mass

production of targets, and the delivery of the targets to the center of the vacuum vessel chamber within tight tolerances.

*Work supported by NRL Contract N00173-03-C-6010.
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The MHD flow in geometries with varying cross-section is of special interest for applications in fusion technology since in the breeding

zone of a reactor the electrically conducting fluid is distributed into the large breeder units through pipes, manifolds and gaps of smaller

size. Flows in expansions can lead to the formation of stagnation zones and back flow regions, whose presence can result in the

appearance of hot spots or in the accumulation of tritium. The 3D MHD phenomena that occur in these geometries strongly influence

flow and pressure distribution.

Three-dimensional MHD flows in sudden expansions of rectangular channels have been investigated both numerically by an extended

version of the commercial code CFX where MHD equations have been implemented, and by an asymptotic- numeric approach that

works at best for creeping flows and high Hartmann numbers.

The effects of an externally applied magnetic field both on the flow and the current distribution in the duct have been investigated by

means of the developed numerical tool up to a Hartmann number equal to 1000 and a wide range of the interaction parameter. The

asymptotic analysis covers the range of Hartmann numbers beyond Ha=1000. Asymptotic scaling laws have been found that allow

drawing conclusions regarding the flow features for very strong applied magnetic fields.

The results of the study show that by increasing the imposed magnetic field the recirculations that form behind the expansion reduce in

size and the spiraling motion present for smaller magnetic fields is progressively damped out. For sufficiently high magnetic fields the

vortices are suppressed but a reverse flow is still observed close to the corners of the duct, near the side walls. The additional pressure

drop caused by the presence of the expansion has been evaluated and quantified.
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The long-term objective of the EU Breeding Blankets programme is the development of DEMO breeding blankets, which shall assure

tritium self-sufficiency, an economically attractive use of the heat produced inside the blankets for electricity generation and a

sufficiently high shielding of the superconducting magnets for long time operation. In the short-term so-called DEMO relevant Test

Blanket Modules (TBMs) of these breeder blanket concepts shall be designed, manufactured, tested, installed, commissioned and

operated in ITER for first tests in a fusion environment.

The Helium Cooled Lithium-Lead (HCLL) breeder blanket and the Helium Cooled Pebble Bed (HCPB) concepts are the two breeder

blanket lines presently developed by the EU. The main objective of the EU test strategy related to TBMs in ITER is to provide the

necessary information for the design and fabrication of breeding blankets for a future DEMO reactor. EU TBMs shall therefore use the

same structural and functional materials, apply similar fabrication technologies, and test adequate processes and components.

This paper gives an overview of the last progresses in terms of system design, calculations, test program, safety and R&D done these

last two years in order to cope with the ambitious objective to introduce two EU TBM systems for day-1 of ITER operation. The

engineering design of the two systems is mostly concluded and the priority is now on the development and qualification of the

fabrication technologies. From calculations point of view, the last modelling efforts related to the thermal-hydraulic of the first wall, the

tritium behaviour, and the box thermal and mechanical resistance in accidental conditions are presented. Last features of the TBM and

cooling system designs and integration in ITER reactor are highlighted.

In particular, this paper also describes the safety and licensing analyses performed for each concept to be able to include the TBM

systems in the ITER preliminary safety report (RPrS). Finally, overview of recent R&D progresses in fabrication, tritium experiments

and test facilities development is given.
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A new High Frequency Deuterium Pellet Injector is in preparation, as part of the JET programme in support of ITER approved by the

EFDA Steering Committee in early 2005. Its main objective is the mitigation of the Edge Localised Modes, responsible for

unacceptable thermal loads on the wall when their amplitude is too high. Indeed it has been recently demonstrated on AUG that the

ELM frequency can be imposed by the pellet injection frequency. The energy ejected during each ELM being inversely proportional to

the frequency, the capacity of injecting small pellets at typically three times the intrinsic ELM frequency (up to 50-60 Hz) is the main

performance required for the new injector.

The injector is being designed and built by PELIN LCC (St Petersburg, Russia) on the basis of the injector installed in 2003 on Tore

Supra. A prototype is in preparation which will demonstrate the capacity to reach the required performance both for ELM control

(pellet volume 1-2 mm3, pellet speed 50-200 m/s and frequency up to 60 Hz) and for plasma fuelling (pellet volume 35-70 mm3, pellet

speed 100-500 m/s and frequency up to 15 Hz). The injector is based on the screw extruder technology, which allows injection of an

unlimited number of pellets per plasma pulse with a very high level of reliability. One single extruder with two small nozzles and one

large nozzle allows the formation of either two simultaneous continuous ribbons of ice or one continuous large rod of ice. A set of

electromagnetic cutters and fast valves for pneumatic acceleration is used to cut and accelerate the pellets. The high frequency for the

small pellets is obtained by cutting alternatively pellets in the two small ribbons of ice.

The injector is connected to the JET machine via a pumping line, required to pump the propellant gas, including a four way fast selector

to choose the flight tube to be used to convey the pellets towards the plasma (3 tracks are available on JET for injection from the Low

Field Side, from the High Field side or vertically).

After a brief presentation of the project organisation, the overall design will be discussed as well as the first results obtained with the

prototype.

298



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: H - Fuel Cycle and Breeding Blankets

THERMAL-HYDRAULIC ANALYSIS OF THE HCLL DEMO BLANKET

(P4-H-202) 

Giacomo Aiello, Frank Gabriel, Luciano Giancarli, Gilles Rampal, Jean-François Salavy

CEA Saclay Gif-sur-Yvette-Cedex 91191 Saclay France

The cooling system is one of the most sensible elements in a breeding blanket, because the coolant has to: a) remove the heat generated

by nuclear reactions by ensuring outlet temperatures suitable for high-efficiency energy conversion cycles, b) keep the main structure

within the acceptable temperature window, in order to withstand the loads and to avoid radiation and thermal damages;. The present

design of the Helium-Cooled Lithium-Lead (HCLL) blanket foresees the successive cooling of three sub-components (the first wall, the

stiffening grid, and the breeder cooling plate, each of them by mean of parallel He-cooling channels. Therefore, the optimisation of the

coolant flow and flowpath is further complicated by the fact that the different cooling elements share a close volume and the heat

recovered by each of them depends on the coolant parameters (temperature, velocity, heat exchange coefficient). Since all these

parameters are intrinsically related, the classical approach of obtaining the coolant temperature distribution by enthalpy balance and

using this distribution as an input for finite element analyses cannot be used. 

In fact, previous recent analyses relied on an iterative process, mixing analytical formulations for the coolant properties with finite

element models to evaluate the temperature distribution in the structure. In this paper, this approach is further developed by using a

finite element model that allows to obtain the temperature distribution in the coolant on the basis of the detailed power density

distribution in the surrounding structures. At the same time, the model allows to improve the description of the heat transfer between

the solid walls and the fluids. A review of the most used relations available in literature to estimate the heat transfer coefficient has then

been performed and the most appropriate has been selected. 

This new model has then been used to carry out a thermal hydraulic analysis of the helium flow in the HCLL breeding blanket, and in

particular the first wall. Also, an estimation of the pressure drops in the different cooling elements has been performed and the impact

on the maximum acceptable coolant velocity has been evaluated. The obtained results are discussed in term of differences with those

obtained in previous analyses and of the consequences on the blanket design.
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One the main issues in the HCLL blanket development for a prototype fusion reactor is the technical feasibility of the bred tritium

processing system. The basis of such concern lies in the very low tritium-Pb17Li Sieverts’ constant, as measured by different scientists

in the past years. 

In the PPCS reactor 650 g/d of tritium must be generated in the breeding blanket while less than 1 g/y of tritium has to be released to

the environment through the secondary cooling circuit. As a consequence, CPS (Coolant Purification System) plays a fundamental role

because it has to keep at an acceptable level the tritium partial pressure in the primary HCS (Helium Cooling Circuit) limiting,

therefore, the tritium environmental release through leakage and permeation into the secondary cooling circuit. On the other hand, the

He mass flow-rate to be processed by CPS is linear with the tritium permeation rate from the breeder into HCS. Therefore, with the

above mentioned low Sieverts’ constant values and the consequent high tritium partial pressure in the liquid metal, the possibility to

keep acceptable the CPS capacity depends on a highly efficient and stable performance of tritium permeation barriers, to be applied not

only on the blanket cooling plates but also on the steam generator walls. However, the experimental results on the tritium permeation

barriers under relevant operative conditions were so far quite disappointing. 

The new data on the Sieverts’ constant achieved at ENEA CR Brasimone, one order of magnitude higher than those founding the past,

have a big impact in relaxing the above mentioned requirements for the tritium management in PPCS model AB reactor.  

Besides presenting and discussing these recent experimental results, an updated assessment of the tritium permeation rate from the

liquid breeder into HCS through the cooling plates and from HCS into the environment through the steam generators is given in this

paper. The consequent new constraints in terms of tritium permeation barrier efficiency coupled with CPS capacity are presented and

discussed.

The results show that the such requirements can be realistically satisfied, leading to a technologically feasible tritium management

system for a prototype reactor equipped with the HCLL blanket.  

Corresponding Author: I. Ricapito, ENEA CR Brasimone, Camugnano (Bo), Italia.

 tel. +39-0534-801110;  italo.ricapito@brasimone.enea.it
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As the Tritium self sufficiency is one of the major challenges for fusion reactor, breeding blankets represent one of the major

technological breakthroughs required from passing from ITER to the next step reactor, usually called DEMO. One of the two blanket

concepts developed in the EU is the Helium Cooled Lithium Lead (HCLL) blanket which uses the eutectic Pb-15.7Li metal liquid as

both breeder and neutron multiplier. The structures, made of EUROFER, a low activation ferritic martensitic steel, are cooled by

pressurized helium at 8 MPa and inlet/outlet temperature 300/500°C. In this concept, the LiPb is fed from the top of the blanket and

distributed in parallel vertical channels among pairs of cells (one cell for the radial movement towards the plasma, the other for the

return). The liquid metal fills the in-box volume and is slowly re-circulated (few mm per seconds) to remove the produced tritium.

In this paper, a local finite element modelling of the tritium permeation rate through the HCLL breeder unit cooling plates is presented.

The tritium concentration in the helium circuit and remaining in the lithium lead circuit are evaluated by solving partial differential

equations governing the tritium concentration balance, the thermal field and the lithium lead velocity field for a simplified 2D

geometrical representation of the breeder unit. This allows estimating the sensitivity effect of coupling these different equations in order

to deduce a relevant but simplified modelling for tritium permeation. This is to compare with tritium inventories studies, were the

tritium permeation rate is estimated using simplified analytical modelling which generally leads to over estimate the tritium permeation

rate to the coolant and so has strong influence on the coolant purification plant design. 

The finite element modelling performed shows that the Tritium permeation is considerable lower than the one obtained in previous

estimations where nominal values of the governing parameters were used. Using, as boundary conditions, efficiency of the external

purification system, this analysis can be related and integrated in the global inventory analysis. One of the main consequences for the

HCLL blanket design is that the requirements of T-permeation barrier performances can be significantly relaxed to a level already

demonstrated by current barriers.
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The nuclear parameters of a breeding blanket, such as tritium production rate, nuclear heating, activation and dose rate, are calculated

by integral folding of an energy dependent cross section (or coefficient) with the neutron (or gamma-ray) flux energy spectra. The

uncertainties of the designed parameters are determined by the uncertainties of both the cross section data and the flux spectra obtained

by transport calculations. Also the analysis of possible discrepancies between measured and calculated integral nuclear parameter

represents a two-step procedure. First, the energy region and the amount of flux discrepancies has to be found out and second, the cross

section data have to be checked. To this end, neutron and gamma-ray flux spectra in a mock-up of the EU Helium-Cooled Pebble Bed

(HCPB) breeder Test Blanket Module (TBM), irradiated with 14 MeV neutrons, were measured and analysed by means of Monte Carlo

transport calculations. 

The flux spectra were determined for the energy ranges that are relevant for the most important nuclear parameters of the TBM, which

are the tritium production rate and the shielding capability. The fast neutron flux which determines the tritium production on 7Li and

dominates the shield design was measured by the pulse-height distribution obtained from an organic liquid scintillation detector.

Simultaneously, the gamma-ray flux spectra were measured. The neutron flux at lower energies, down to thermal, which determines the

tritium production on 6Li, was measured with time-of-arrival spectroscopy. For this purpose, the TUD neutron generator was operated

in pulsed mode (pulse width 10 &#61549;s, frequency 1 kHz) and the neutrons arriving at a 3He proportional counter in the mock-up

were recorded as a function of time after the source neutron pulse. 

The spectral distributions for the two positions in the mock-up, where measurements were carried out, were calculated with the Monte

Carlo code MCNP, version 5, and nuclear data from the European Fusion File (EFF-3) and the Fusion Evaluated Nuclear Data Library

(FENDL-2.0/2.1) using a detailed geometrical model of the experimental set-up. For the relevant energy and time ranges, ratios of

calculated-to-experimental values were derived. The results are discussed in connection with the design parameters relevant for the

TBM.
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A sophisticated numerical simulation code that couples multiple physical phenomena has become an essential tool for practical

engineering design as we move forward to construct a physically complex component such as an ITER test blanket module.  Such a

tool can significantly reduce design uncertainties—in particular, where the flow distribution is relatively complicated and involves

many parallel flow paths, as seen in a typical test blanket module design. Specifically, in a design currently proposed by the US, the

helium exits the primary loop and is immediately divided into three flow paths to cool three independent submodules. This flow

division is done passively, through engineering design. The helium enters the submodule and is further divided into 12 or more paths

for first wall cooling and collected into 2 paths for internal breeding zone cooling. The surface heat load over an outboard test port first

wall will be non-uniform and accompanied by a steady state and/or transient localized peak from MARFE (transient) and other

phenomena, such as re-ionization or toroidal field ripple effects (in steady state).  Moreover, the ITER test blanket module receives a

higher ratio of surface heat to neutron wall load, in order to reproduce DEMO-like behavior; flow management to accommodate first

wall cooling needs as well as to reproduce DEMO breeder temperature distributions adds another degree of complexity.  In a previous

calculation in which fluid and heat transfer phenomenon are decoupled, an extra amount of flow is injected to cool the first wall,

accommodating the non-uniform surface heat flux distribution. This excess flow is then by-passed away from the breeding zone.  A

new analysis based on CRADLE SC/Tetra thermofluid code has shown that this non-uniformity could potentially be smeared out

through heat conduction in the lateral direction. The analysis also indicates the need to offset the helium outlet locations to reflect

spatial variations in heat generation as well as to obtain uniform outlet flow distributions. A capability to simulate performance from

CAD models to understand the effect of design and condition changes is indispensable, not only for design, but also to reduce

unnecessary over sizing of the primary helium flow loop. This paper presents the process and how the intermediate thermofluid

analysis results guide the helium flow path design in a proposed US ITER solid breeder test blanket submodule.
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Two breeding blanket are presently developed in Europe for the DEMO reactor: the first one, the Helium Cooled Lithium Lead (HCLL)

uses a liquid breeder while the other , the Helium Cooled Pebble Bed (HCPB), uses a solid breeder in form of pebble bed. The modules

of these blankets, called Test Blanket Modules (TBM) will be located in correspondence of the equatorial ports of ITER in order to be

tested. 

ITER FEAT was designed with shielding blankets, therefore in the final stage of the experiment, in the foreseen tritium -deuterium

operation phase, the tritium will be supplied to the reactor and not produced inside it.  Since the production of tritium is of main

importance for the feasibility of a nuclear fusion reactor, perhaps in the ITER final stage, the shielding blanket could be substituted by

means of a breeding blanket. The geometry and composition of this breeding blanket would be, of course, similar to that of TBM which

demonstrated to have the best performances.  This paper illustrates a neutronic and thermal analysis of an hypothetical triziogen blanket

for ITER FEAT made similar to a HCPB  test module. The main aims of the performed analyses are to determine the Tritium Breeding

Ratio (TBR) considering different solid breeders (Li4SiO4 and Li2TiO3) with different enrichment in 6Li and different structural

materials (a 9%CRWVTa reduced activation ferritic martensitic steel (EUROFER) or ceramic matric composites like SiCf/SiC). The

breeding blanket design is compared considering the highest value of TBR and the verification of the temperature constraints ( 550°C

for the steel, 950° C for the breeder and 650°C for the Beryllium).

The neutronic analyses have been performed by means of MCNP-4C code and the thermal analyses using the MSC-MARC code.  A

TBR about equal 1 was obtained with a SiCf/SiC structural material and a Li4SiO4 breeder.

The performed analyses have to be considered preliminary and an academic exercise, nevertheless they could give useful information in

order to optimize the breeding blanket design from a neutronic and thermal point of view.
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It was known that the test of the capability of tritium self-sufficiency and the extraction of high grade heat using tritium breeding

module concepts is the one of the major ITER missions. This requires the development of test blanket modules based on the

corresponding DEMO blanket design despite of the differences in operating conditions between DEMO and ITER. Two types of

blankets such as HCML (Helium-Cooled Molten Lithium) blanket and HCSB (He-Cooled Solid Breeder) blanket are considered as

Korean DEMO Blankets with the aim for manufacturing Test Blanket Module (TBM) for ITER. 

Current status of design and analysis for Korea HCSB TBM was investigated. The design description, the performance analysis results

and the key required technologies are mentioned in this paper. The key features of the design are a) graphite neutron reflector is used to

reduce the amount of beryllium; b) simplified manifold for the helium coolant flow passage is developed. The lithium silicate as solid

breeder material, helium as coolant and tritium purge gas, low activation ferrite/martensite steel as structural material, beryllium as

neutron multiplier are adopted in the design. Major performance analyses have been executed including TBM composition

optimization, 3D simulations and calculations of neutronics, thermal-hydraulic and mechanical analyses, reliability and safety of the

blanket. Based on the design and analysis results, the licensing procedure of HCSB TBM will be proceeded with the ITER team.

Finally the critical issues and the related R&D of the HCSB blanket design for the application in a DEMO reactor was mentioned.
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Demonstration fusion power plant, DEMO is regarded as the last step before the development of a commercial fusion reactor in Korea

National Basic Plan for the Development of Fusion Energy. The DEMO should demonstrate a net electric power generation, a tritium

self sufficiency, and the safety aspect of a power plant. With a limited extension of the improved plasma physics and technology from

the 2nd phase of the ITER operation (EPP phase), we developed the basic concepts of DEMO and identified the design parameters by

considering the dependence of DEMO on performance objectives, design features and physical and technical constraints. Extensive

system analyses have been performed to find device variables which optimize figures of merit such as major radius, ignition margin,

neutron wall load, etc.  

The He Cooled Molten Lithium/FS (HCML) blanket is one of options for DEMO blanket and its tritium breeding capability and heat

removal capability will be tested in ITER as a test blanket module (TBM). HCML blanket uses He as a coolant and Li as a tritium

breeder. From a sensitivity study, 6Li enrichment was optimized in terms of tritium breeding ratio (TBR). An optimum was found for a

natural enrichment in DEMO blanket but it was 12 wt% in TBM since the amount of Li is limited in ITER. Two layers of a graphite

reflector were inserted as a reflector in the breeder zone to increase the TBR and the shielding performances. The graphite reflector

thickness was optimized to maximize TBR without any special neutron multiplier and to minimize the neutron leakage.

For TBM, a 3-D Monte Carlo neutronic analysis was performed with the MCCARD code and the total power was founded to be a

0.739 MW at normal heat flux 0.3 MW/m2 from plasma side. From the thermal-hydraulic analysis using CFX-10, the He cooling path

was optimized and it was found that the maximum temperature of FW is below 550 °C at structural materials and the coolant velocities

are 45 m/sec and 8.2 m/sec at FW and breeding zone, respectively. The thermal-mechanical analysis with ANSYS10 showed that the

maximum von Mises equivalent stress of the first wall is 123 MPa which is lower than the maximum allowable stress. HCML TBM is

planned to be tested from Day-1 operation of the ITER.

306



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: H - Fuel Cycle and Breeding Blankets

Application of DEM to study the dimensional constraint on ceramic breeder

pebble bed thermomechanics (P4-H-271) 

Zhiyong An, Alice A. Ying, Mohamed Abdou

University of California Los Angeles 420 Westwood Plaza 90095-1597 Los Angeles USA, California

The discrete element method (DEM) has been developed to study the nonlinear elastic stress-strain behavior and also creep deformation

of a typical breeder pebble bed. Because it directly simulates the contact state of each individual particle by the physically-based

interaction laws, it is capable of simulating non-standard packing structures. Another advantage of discrete element simulation is its

ability to trace the evolution of contact characteristics and forces as deformation proceeds, as well as tracking particle movement as the

bed is subjected to external loadings Recent DEM simulation shows that pebble size distribution in a pebble bed can impact bed

stiffness and subsequent bed thermo-mechanical state after a stress relaxation. It also shows that contact forces exerted on the critical

particles increase as the externally applied pressure increases. By studying the evolution of the key packing structure of a packed pebble

bed, one can predict the integrity of the mechanical state of the packing. 

In this paper, the DEM approach has been applied to address the dimensional constraint on the thermo-mechanical behaviors of ceramic

breeder pebble beds. This information is particularly important for in-pile tests where the size of the pebble container is limited due to

the available rig sizes as seen in the HICU project.  In the preliminary experiments, the influence of boundary constraint on the

thermo-mechanical behaviors of a ceramic breeder pebble bed has revealed that, due to friction, the uniaxial compression tests (UCTs)

seen in the irradiation capsule relevant dimensions can show distinct differences to those found in standard UCTs.  This type of

behavior has been captured by DEM simulations; where not only the macro mechanical behaviors are consistent with experimental

results but also that for a cylindrical pebble stack, as the ratio of height to diameter increases, the bed stiffness also increases. The

numerical results based on a DEM approach can provide better understanding of the dimensional constraint on ceramic breeder pebble

beds. In the present work, two different breeder materials, Li4SiO4 and Li2TiO3, were packed into different pebble stacks, whose

height to diameter ratio ranged from 2.0 to 5.0.
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For applications in nuclear fusion blankets, where Hartmann numbers may reach  the order of Ha>104, the available experimental data

base for three-dimensional magnetohydrodynamic (MHD) flows is limited. In order to broaden the knowledge about MHD flows close

to the parameter range relevant for fusion applications an experiment has been performed in the MEKKA laboratory of the

Forschungszentrum Karlsruhe, where  the MHD flows through sudden expansions of rectangular ducts at Hartmann numbers up to 

Ha<6000 have been investigated. As in real applications the duct walls are electrically conducting.

Experimental results for pressure distribution along the suddenly expanding ducts have been recorded and compared with results from

asymptotic theory. Velocity profiles have been measured at different axial positions by the use of traversable probes. In order to

complete the experimental observations more that 300 electric  potential probes have been used to measure potential along the surface

of the duct. 

The measurements indicate that the entrance and exit length are long enough that fully developed conditions are established upstream

and downstream of the expansion. At the expansion the additional pressure drop due to 3D effects caused by the flow redistribution and

by the occurrence of recirculating additional electric currents  has been identified. The measurements of surface potential and local

velocity data confirm the theoretical predictions that at the expansion a large fraction of the flow bypasses the core by flowing in thin

layers along the side walls.
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Molten lithium will be used as a beam target of IFMIF (International Fusion Materials Irradiation Facility), and is also expected as a

self-cooling and tritium breeding material in fusion reactors. Since tritium is generated in both cases, tritium recovery is required from

viewpoints of safety and a feasible fuel cycle. Nitrogen impurity in the lithium, however, not only enhance corrosion to tubing

materials, but also promote nitride contamination on a surface of yttrium, which is considered to be a tritium gettering candidate. In our

previous study, nitrogen recovery by hot trap method with Fe+5%Ti alloy as a gettering material showed a higher nitrogen reduction

capacity than that with Ti or Cr metal. In this study, high temperature recovery of nitrogen with Fe-Ti alloy was examined to achieve

more efficient recovery and higher recovery rate coefficient.

 Fe-4%Ti alloy are fabricated by electron beam melting, and its thin plates (40 mm * 10 mm * 1 mm) are used in our experiments. The

Fe-4%Ti alloy plates were immersed into 25 g of liquid lithium in Mo crucible under Ar atmosphere. The crucible was put in a SUS316

stainless steel pot heated at 600, 700, or 800 C up to 100 hours.  A small portion of the liquid lithium in the crucible was sampled out

with adequate time interval, and the nitrogen concentrations in the sampled lithium were observed by changing nitrogen to ammonia.

Experiments using lithium containing about 100 wt. ppm of nitrogen at the beginning show that the nitrogen reduction became faster

with temperature and the minimum achieved nitrogen concentration was less than 20 wppm in case of 800 C. SEM-EDS analysis on the

plates after experiment shows a Ti-rich surface layer of tens of micrometers on the alloy immersed in lithium at 800 C, and XPS

analysis indicates the surface layer is TiN, while no Ti-rich layer nor TiN were observed on the alloys immersed at 600 C and 700 C.

By increasing temperature from 600 C to 800 C, the diffusion coefficients of titanium in the alloy increase more rapidly than those of

nitrogen. Therefore, titanium supply to the surface from inside of the alloy was considered to be promoted to form the TiN thick layer.

The formation of the layer enhanced nitrogen recovery in the short-term. However, the thick layer also acts as a diffusion barrier in the

long-term. The results from long-term experiments and from those with low nitrogen concentrations will be discussed in the

presentation in detail.
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Development of coating on blanket structural materials with significant reduction capability of tritium permeation is highly required in

order to realize a reasonable design of a tritium recovery and processing system of demonstration (DEMO) fusion reactors. 

    An effective coating has been developed in Japan Atomic Energy Agency (JAEA) using a ceramic material of Cr2O3-SiO2 including

CrPO4. In previous out-of-pile deuterium permeation experiments at 600 oC [1], a significant permeation reduction factor (PFR) of

about 300 was obtained for the coating on the inner-side surface of tubular diffusion cells made by ferritic steel (F82H). 

    In the present study, in-pile experiments on tritium permeation were conducted for F82H steel with and without the same coating,

using a testing reactor IGV-1M in Kazakhstan. The tritium source used was liquid lithium-lead eutectics, Pb17Li, which was poured

into a space around a tubular diffusion cell (specimen) of F82H steel with or without the coating on the inner side the cell. The

irradiation time was about 4 hours, which corresponds to a fast-neuron fluence of about 2x1021m-2 (E>1.1MeV).   

    The permeation reduction factor (PRF) was obtained by comparison of kinetics curves of tritium permeation through the diffusion

cell of F82H steel with and without the coating.  The PRFs at 600 and 500 oC were 292 and 30, respectively.  These values are close to

corresponding PRF values of 307 and 45, which had been obtained at 600 and 500 oC, respectively, in the previous out-of-pile

experiments [1].  

[1] T.V. Kulsartov et al., Fusion Eng. Des. 81 (2006) 701.
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The CECE (Combined Electrolysis Catalytic Exchange) process with a hydrophobic catalyst is a very effective method to remove small

quantities of tritium from light or heavy waste water streams because of its high separation factor and mild operating conditions. The

CECE process is composed of an electrolysis cell and a LPCE (Liquid Phase Catalytic Exchange) column. This paper describes the

experimental results of the hydrogen isotopic exchange reaction in a trickle bed reactor packed with a hydrophobic catalyst for the

development of the LPCE column of the CECE process. The hydrophobic Pt/SDBC (Styrene Divinyl Benzene Copolymer) catalyst has

been developed by Korean researchers for the LPCE column of WTRF (Wolsong Tritium Removal Facility). An experimental

apparatus was constructed for the various experiments with the different parameters, such as hydrogen flow rate, temperature, and the

structure of the mixed catalyst column. The catalyst column was packed with a mixture of hydrophobic catalyst and hydrophilic

packing (Dixon gauze ring). The performance of the catalyst bed was expressed as an overall rate constant Kya. To improve the

performance of the trickle bed, the modification of the catalyst bed design (changing the shape of the catalyst complex and diluting

with inert) has been investigated.
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In the current design of the blanket with ceramic breeders, pebbles of breeding materials are packed into a container and used as a

pebble bed. Thermal and mechanical conditions externally loaded on the bed affect thermal and mechanical properties of the bed. It is

necessary to analyze thermo-mechanical properties of the bed under controlled thermal and mechanical conditions. In the present paper,

thermal expansion of a Li2TiO3 pebble bed was investigated.

Our apparatus consists of a tensile test-apparatus and a measurement chamber. Pebbles of Li2TiO3 with 2mm diameter were used.

They were packed into a container made of alumina. At first, thermal expansion of the apparatus was calibrated because the measured

deformation included thermal expansions of the load rods and the container. Instead of the pebble bed, a column made of copper was

installed and thermal expansion of the system was measured for the calibration. Taking into account the estimated thermal expansion of

the column, thermal expansion of the rods and the container could be analyzed. Based on the correction, thermal expansion of the

pebble bed was measured under compression of 0.1MPa. Temperature of the bed was regulated from room temperature to 973K. From

the measured expansion of the bed, average thermal expansion coefficient was estimated. 

For the beds with different packing factors ranging from 65.5 to 68.5%, thermal expansion coefficients were 1.4±0.2×10-5K-1. In the

first measurement of the beds without pre-loading, expansion coefficients were larger for the cooling process than heating. When the

beds were successively heated and cooled, the difference decreased. This means that relocation of the pebbles arises in the first heat

treatment and progress of compaction is larger in the cooling process than heating. After a few heat treatments, packing states of the

beds reach stable and expansion coefficients for both heat and cooling processes are close. In the case of the beds that were loaded

before the measurements, expansion coefficients were the largest in the first heating process. When the pre-loaded beds were heated,

deformation caused by the pre-loading was relaxed. Hence, apparent expansion coefficient increased. The result suggests that residual

stress in the bed cased by a compressive load can be annealed when the bed is heated without load. Based on the observed expansion

behaviour, preferable initial packing state and its variation during the operation were discussed.
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The tritium removal facility is under construction at Wolsong site in Korea. The main process of this facility is liquid phase catalytic

exchange (LPCE) and cryogenic distillation. The overall WTRF (Wolsong tritium removal facility) design has been based on the

several contractor's (AECL, KEPRI, KAERI, Kinectrics, etc.) experience on the heavy water detritiation and tritium handling over the

past decades. The catalyst loading and installation of two LPCE columns has been completed on the 22nd of April, 2006. Each section

of the LPCE columns consists of three parts: mass transfer packing bed, separate catalyst bed, and liquid distributor. The first column

has 28 sections, a sump and a separate overhead condenser. The second column has 27 sections, a sump and a humidifier. The Sulzer

CY packing for the vapor-liquid mass transfer is packed into the inner shell of each section and the wet proofed catalyst for the

vapor-gas reaction is loaded into between the inner and outer shell. The liquid distributors are equipped on the Sulzer CY packing of

each section. The helium leak test and performance test will be accomplished according to the WTRF construction & commissioning

schedule. The WTRF is the first commercial facility applying LPCE process for the tritium removal.
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ITER Test Blanket Module (TBM) which will be the act-alike module corresponding to DEMO blanket is aimed to verify the capability

of tritium self-sufficiency and the extraction of high grade heat using tritium breeding module concepts for ITER missions. Korea has

proposed two types of breeding blankets, Helium-Cooled Solid Breeder (HCSB) and Helium-Cooled Molten Lithium (HCML),

considering maturity and potential attractiveness of technology.

TBM components have thermal-hydraulic design conditions with some margin according to thermal loads and accidental scenarios. In

this paper, preliminary thermal-hydraulic layout of Korea HCSB to handle the surface heat flux and the corresponding volumetric heat

generation from the neutron wall loading is presented. Schematic loop of 8 MPa helium coolant to cool down first wall, side wall and

breeding zones is described. Dimensions and pitches of first wall channels, side wall channels, cooling pipes in breeding zones are

decided from the thermal-hydraulic analyses. Simplified manifold for the helium coolant passage is developed. 3D thermal-hydraulic

simulations based on the results of neutronics calculations are performed to confirm heat removal and structural integrity under various

conditions.
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Li2TiO3 is one of the most promising candidates among the proposed solid breeder materials in fusion reactors because of its chemical

satiability. Addition of H2 to inert sweep gas has been proposed for enhancing the release of bred tritium from breeder material.

However, the mass of Li2TiO3 was found to decrease with time in the hydrogen atmosphere. This mass-change indicates that the

oxygen content of the sample decreased, suggesting the change from Ti4+ to Ti3+ and the partial pressures of Li containing species

were increased. 

In order to control the mass-change at the time of high temperature use, the development of Li2TiO3 which has Li2O additive is

needed. Furthermore, since Li2TiO3 is reduced in hydrogen atmosphere, it is important to investigate the reduction characteristic with

Li2O addition. In the present paper, the non-stoichiometry and vaporization charascteristic of Li2TiO3 added with Li2O have been

extensively investigated by means of thermogravimetry and atmosphere-controlled high-temperature mass spectrometry.

In the case of the Li2TiO3 samples used by the present study, Li2CO3 and TiO2 powders were mixed in the proportions corresponding

to the molecular ratio Li2O/TiO2 of either 1.00 or 1.05. These samples are designated as L100 (Li2TiO3), and L105 (Li2.1TiO3.05),

respectively.

In thermogravimetry, the masses of L100 and L105 were found to decrease with time in the hydrogen atmosphere, then to increase after

the change of the atmosphere from hydrogen to oxygen. The color was observed to change from white to thin light-brown under the

hydrogen atmosphere. This color-change indicates that the oxygen content of the sample decreased, suggesting the change from Ti4+ to

Ti3+. Further, L105 has fewer oxygen defects than L100. L105 has the smaller mass of TiO2 in Li2TiO3, so that the order of oxygen

defects was as follows,

L105 < L100.

An atmosphere-controlled high-temperature mass spectrometer has provided the vapor pressure data for L100 and L105, under the

conditions of D2 atmospheres. In case of adding D2 gas, Li(g), LiOD(g), Li2O(g) D2(g) and D2O(g) were identified as the vapor

species. The sum of the partial pressures of Li containing species was calculated. Its order under D2 atmospheres was as follows:

L105 > L100 (1093&#65374;1473K)

L105 = L100 (<1093K).

The overall results suggest that the Li2O additives are able to control not only the amount of oxygen defects but also the partial

pressures of Li containing species.
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The first wall (FW) is one of the most important components of Test Blanket Module (TBM). Its design limits are the coolant pressure

of 8 MPa, peak heat load on the plasma side of 500 kW/m2 and heat flux of 60 and 35 kW/m2 from breeding units in middle and side

parts, respectively. To meet the allowed temperature rise in steel, the mass flow rate of 1.3 kg/s and coolant velocity of about 80 m/s

have been chosen, what implied the coolant system consisting of 14 parallel channels each with three sweeps. 

Structural analyses have been performed only for ¼ of the TBM assuming a complete symmetry with respect to the vertical and

horizontal mid planes; FW, caps, end plates of the high pressure coolant manifold and the back plate of the BU’s have been modelled,

while breeding units and other internal structures have been omitted. The cooling fluid is modelled with line elements inside the

channels.

In order to ascertain that the evaluation of heat transfer in FW is reliable, three-dimensional simulations of fluid and heat flow by code

STAR-CD have been performed as well. The analyses revealed that: (i) the magnitude of heat transfer coefficient evaluated by

Dittus-Boelter correlation is for the conditions of the first wall overestimated, (ii) a reliable cooling of the first wall can be reached only

if rough channels with absolute roughness of Rt=20 &#956;m are applied and (iii) in order to predict temperature field in steel

correctly, heat transfer coefficient and bulk temperature in FEM models along the channel have to be modified having final values of

10000 W/m2K in the channel curvature with flow direction to FW plasma side and decreasing to 4475 W/m2K on the way to the other

curvature. Computed pressure drop is 0.3 MPa.

The analyses of the thermo elastic behaviour of the generic TBM first wall have shown that the ITER Structural Design Criteria with

the use of EUROFER interim material data for thermal stresses are met for operational cyclic loads. The same is true for a

pressurisation of the TBM breeding zone with 8 MPa coolant pressure due to an ‘in box’ loss of coolant accident.
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Solid breeder blankets are being developed as candidate blankets for the Fusion DEMO reactor in Japan.  JAEA is performing the

development of the water cooled and helium cooled solid breeder blankets.  The blanket utilizes ceramic breeder pebbles and multiplier

pebbles beds cooled by high pressure water or high pressure helium in the cooling tubes placed in the blanket box structure.  In the

development of the blanket, it is very important to incorporate the safety technology as well as the performance improvement on tritium

production and energy conversion.  In the safety design and technology, coolant ingress in the blanket box structure is one of the most

important events as the initiators.  Especially the thermal hydraulics in the pebble bed in the case of the high pressure coolant ingress is

very important to evaluate the pressure propagation and coolant flow behavior.  This paper presents the preliminary results of the

pressure loss characteristics by the coolant ingress in the pebble bed.

Experiments have been performed by using alumina pebble bed (4 litter maximum volume of the pebble bed) and nitrogen gas to

simulate the helium coolant ingress into breeder and multiplier pebble beds.  Reservoir tank of 10 liter is filled with 1.0 MPa nitrogen. 

The nitrogen gas is released at the bottom part of the alumina pebble bed whose upper part is open to the atmosphere.  The pressure

change in the pebble bed is measured to identify the pressure loss.  The measured values are compared with the predicted values by

Ergun's equation, which is the correlation equation on pressure loss of the flow through porous medium. 

By the results of the experiments with no constraint on the alumina pebble bed, it was clarified that the measured value agreed in the

lower flow rate.  However, in the higher flow rate where the pressure loss is high, the measured value is about half of the predicted

value.  The differences between the measured values and the predicted values will be discussed from the viewpoint of difference

between loosely filled pebble bed and fixed porous medium, to identify the effect of constraint of pebble bed on the pressure relief

performance of the pebble bed type solid breeder blanket.
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The influence of radiation defects is one of the main factors that determine tritium release behavior from blanket breeding materials in

fusion reactors. Classical molecular dynamics simulation (MD) is a powerful technique to investigate the radiation damage processes,

because it can provide atomic-scale information on the defects. In this study, we conducted radiation simulation for Li2O using MD

and analyzed formation and annihilation behaviors of radiation defects, as a fundamental research for radiation response of

Li-containing oxides.

Buckingham type two-body potential model was used. In order to remove the unphysical impulsive force at short inter-ionic distances

in Buckingham model, each potential function was connected to that of the ZBL potential models at around 0.8 A. NEV ensemble was

employed with the initial simulation temperature of 0 K.  10x10x10 supercell consisting of 4000 Li2O was used as a unit cell under 3D

periodic boundary conditions. Radiation simulation was initiated by introducing an energy of a certain direction to an ion, as a

displacement energy. The lowest displacement energy by which a defect was created and survived beyond 5 ps was regarded as the

threshold energy. 42 and 21 displacement directions were surveyed for Li and O, respectively, based on the symmetry of the Li2O

crystal. 

In both Li and O defect formations, [100] displacement shows significantly lower threshold energy than [111] displacement. Li defects

were easily created than O defects almost in all directions. In fact, the average threshold energy except [111] displacement, which

possesses extremely high threshold energy, was 21 eV for Li and 49 eV for O. In some cases, no defect could survive beyond 5 ps even

by higher displacement energies than the threshold energy, due to the self-annealing effect. The self-annealing completed basically

within 1 ps after introduction of displacement energy. At around this time, velocity distribution of all ions in the system became similar

to the Maxwell-Boltzman distribution, indicating that the introduced energy can spread uniformly to the system within 1 ps, and that

the relaxation time of the energy spread could relate to a time scale of the self-annealing. The relationship between the energy spread

and the self-annealing will be discussed in detail.
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Among the getter materials the interalloy ZrCo has been selected by the ITER team as reference material for the storage of hydrogen

isotopes at the Tritium Plant because of its good getter properties, which are comparable to those of uranium. However the fact that

under certain conditions, presence of simultaneous high partial pressure of H2 and high temperature, ZrCo can loose its activity or

during repeated hydrogen (or hydrogen isotopes) absorption-desorption heat cycles has been a matter of concern.

Under thermal cycling the getter hydride material tends to disproportionate, i.e. convert into ZrH2 and ZrCo2, and thus show significant

performance degradation in its gettering properties. A detailed investigation to quantify the conditions leading to disproportionation

and, in particular, reproportionation of ZrCo was therefore undertaken.

To investigate the disproportionation of ZrCo, reaction vessels of quartz and ceramic were used equipped with systems to evacuate the

vessel, handle hydrogen isotopes and analyze the gases. X-ray diffraction analysis of the solid material was used to identify the phases

involved. In addition, thermal techniques were employed to study the release characteristics of the getter as a function of temperature.

A mechanism of disproportionation is discussed in the present paper trying to give a qualitative explanation based on crystallographic

considerations. In parallel, an attempt was made to learn more about the mechanism of reproportionation.
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A Helium Cooled Solid Breeder (HCSB) blanket has been considered as one of the promising blanket for the fusion power

demonstration plant. Therefore HCSB Test Blanket Module (TBM) testing in ITER is the most important milestone for the

development of the blanket of the DEMO plant. Korea has developed the HCSB TBM with some features such as graphite reflector and

simplified flow passage.

The objective of this study was to evaluate the thermal and structural integrity of the HCSB TBM under the hypothetical accidental

conditions such as cooling pipe break in TBM. The safety analysis was performed under conservative conditions based on the TBM

design, which can be assumed by the similarity of the safety analysis of the ITER shielding blanket. Transient analysis model was used

to calculate the temperature distribution for Loss of Coolant Accident (LOCA). Simplified analysis conditions were a) simultaneous

plasma shutdown and LOCA b) LOCA and then after FW temperature reaches 1150&#8451; plasma shutdown. Helium circuit

behavior during the different LOCA scenarios was also evaluated. Finally the design modifications based on the analysis result and the

related R&D of the HCSB blanket design for the application in a DEMO reactor were mentioned.
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The Gas Injection System (GIS) of RFX has been designed to have a pulsed gas flow of 1000 mbar&#61655;l/s and in the range

between 5000 and 10000 mbar&#61655;l/s (referred to H2) with an opening time constant of 2 ms and 10 ms, respectively. 

Gas puffing during the RFX operation was carried out in the past by means of eight electromagnetic valves whose total gas flow (with

an inlet absolute pressure of 1600 mbar) was about 6500 mbar&#61655;l/s, for H2. However that value was not reliable because of the

hysteretic behaviour of the valves and the presence of the strong magnetic fields produced by the winding systems of RFX. 

A new Maxtek® piezoelectric valve has been therefore widely tested to verify whether it meets the design requirements of RFX. The

equipment used for the tests consisted of a vacuum chamber connected to a vacuum system, whose control as well as the tests running

system and the data acquisition were completely automated by means of a dedicated LabView virtual instrument.

The valve has been tested with an excitation voltage well over the nominal voltage indicated by the manufacturer to obtain a gas flow

larger than the nominal value. To reach the RFX specification for the gas flow, a voltage up to the 300% of the nominal one has been

applied. However, in this case, a reduction of the gas flow versus the number of opening operations has been observed which is

believed to be caused by residual mechanical stresses associated with possible localized damages of the piezoelectric disc. Thus the

dimension of the ducts of the valves has been enlarged step by step to decrease the applied voltage up to two times the nominal value

and keeping unchanged the gas flow. Since the maximum gas flow reduction observed in this case was below 10%, this voltage was

assumed as a safe value to guarantee the integrity of the valve piezoelectric disc even after thousands of cycles.

The renewed GIS of RFX consists of four independent groups evenly distributed in the toroidal direction. Each group is equipped with

four piezoelectric valves: two are used to fill the vessel before the pulse, therefore their applied voltage has been limited to 100V

(maximum specified by the manufacturer) and the other two are used for gas puffing during the discharge, extending the maximum

voltage up to 170V. 

Results of two year of operations on the RFX machine will be also discussed in the paper, reporting the behaviour of the valves in terms

of reliability and uniformity of the gas flow.
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In the frame of the activities of the EU Breeder Blanket Programme and of the Test Blanket Working Group, the Helium loop for the

Helium Cooled Pebble Bed Test Blanket Module (HCPB-TBM) in ITER has been investigated with regard to the layout definition,

selection of components, control, dimensioning and integration. This paper presents the status of development.

The loop design for the HCPB-TBM in ITER will mainly base on the experience gained from Helium Loop Karlsruhe (HELOKA)

which is currently developed at the FZK for experiments under ITER relevant conditions. The ITER loop will be equipped with similar

components like HELOKA and will mainly consist of a circulator with variable speed drive, a recuperator, an electric heater, a cooler, a

dust filter and auxilary components e.g. pipework and valves. A Coolant Purification System (CPS) and a Pressure Control System

(PCS) are foreseen to meet the requirements on coolant conditioning. 

To prepare a TBM for a new experimental campaign, a succession of operational states like “cold maintenance”, “baking” and “cold

standby” is required. Before a pulse operation, a “hot stand-by” state should be achieved providing the TBM with inlet coolant at

nominal conditions. This operation modus is continued in the dwell time waiting for the successive pulse. A “tritium out-gassing” will

be also required after several TBM-campaigns to remove the inventory rest of T in the beds for measurement purpose. The dynamic

circuit behaviour during pulses, transition between different operational states as well as the behaviour in accident situations are

investigated with RELAP.

The main components of the loop will be accommodated inside the Tokamak Cooling Water System(TCWS)- vault from where the

pipes require connection to the TBM which is attached to port 16 of the vacuum vessel. Therefore pipes across the ITER- building of

about 110 m in length (each) are required. Additional equipment is also located in the port cell for the TBM by-pass circuit (valve and

gas mixer). The place availability in the ITER building is a critical issue for integration of the circuit. Investigation is ongoing for the

design optimisation taking into account dimensions, thermal insulation, support and accessibility of components, as well as presence of

electrical cabinets, power and water supply. Additionally the PCS of the HCS requires detailed investigation in terms of space

requirements and Helium inventory to be compatible to the requirements of ITER.
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The peculiarity of HCLL (Helium Cooled Lithium Lead) blanket is the use of the flowing liquid metal alloy Pb-16Li as breeder

material, like in the past WCLL concept. The first and main step of the blanket fuel cycle consists of tritium extraction from the liquid

breeder. In DEMO reactor a dedicated system, called TES (Tritium Extraction System), will be deputed to accomplish this task. 

Different technologies, belonging to the families of gas-liquid contactors, getters, and tritium permeators have been studied in the last

years, some of them mainly theoretically, others with much more experimental effort. 

Getters and tritium permeators, although presenting some aspects of potential interests, give rise to significant issues about their

feasibility for the foreseen application.

Gas-liquid contactors, which have been more experimentally studied, showed contradictory results. Plate, spray and bubble columns

resulted in a very low extraction efficiency. On the contrary, packed columns, tested in Melodie loop, gave better results, although

many doubts arise about the accuracy in carrying out the experiments.

However, packed columns seem to be the most attractive technology and for this reason was decided for a further optimisation and

testing of their performances. In order to accomplish this task, a dedicated facility called TRIEX (TRItium EXtraction) was designed

and built and is now available in ENEA-Brasimone. In TRIEX the extraction efficiency of different packed columns will be tested in a

systematic way paying particular attention to the hydrogen monitoring system in gas and liquid metal phase. In fact, a parallel activity

aimed to develop suitable hydrogen sensors in liquid metal was carried out. 

The design and the main instrumentation of TRIEX facility, as well as the operating modes and the planned experimental campaign will

be presented.
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According to the design concepts of ITER and DEMO, ceramic breeder materials such as lithium orthosilicate generate tritium via

nuclear reactions. The tritium bred in the breeder material is recovered using the helium sweep gas containing up to 0.1% of hydrogen.

All the tritiated species present in the He sweep gas are also recovered with a two-step process such as trapping of water in a cryogenic

cold trap and adsorption of all hydrogen isotopes as well as impurities (N2, O2) on a cryogenic molecular sieve bed operated at liquid

nitrogen temperature.

With regard to the cryogenic adsorption process, a semi-technical scale of adsorption bed has been designed and manufactured in the

Forschungszentrum Karlsruhe, which is presently installed in an experimental rig at the Tritium Laboratory Karlsruhe. The adsorbent

container filled with 20 kg of MS5A adsorbent is placed in a liquid nitrogen-cooled and vacuum-insulated vessel. During the operation

of the MS5A bed, it is uniformly cooled down to 77 K. 

The adsorption isotherms of hydrogen and deuterium on the MS5A adsorbent used in the present work were investigated by the

volumetric method. The correlation of the experimental adsorption isotherms of hydrogen and deuterium on the MS5A adsorbent were

performed using several adsorption models. It was found that the vacancy solution model successfully correlates the isotherm over a

wide span of partial pressure of hydrogen and deuterium.

To validate the cryogenic adsorption process, breakthrough experiments were performed using helium containing hydrogen of up to 0.2

% in volume. The experimental breakthrough curves obtained were analyzed with model mass balance equations. This mass balance

model is based on the diffusion of hydrogen in the adsorbent particles, and the resistance for the fluid film around adsorbent particles

and the axial dispersion were also taken into consideration. A numerical simulation program was developed based on the model, which

was coupled with a program of least squares analysis. The adsorption isotherms correlated from the experimental data were

incorporated to the numerical program as well. Experimental breakthrough curves were well reproduced by considering only pore

diffusion. The diffusivity of hydrogen was quantified by fitting the calculated breakthrough curves to the experimental ones.

Furthermore, scale-up numerical simulations were performed using the numerical calculation program.
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In order to make the tritium recovery process reliable, behavior of tritium in the bulk and on the surface of blanket breeding materials,

which is one of the most important factors for controlling the release rate of tritium, should be clarified. For this purpose, many studies

on the existence states of hydrogen isotopes on and near the surface of Li2O have been devoted. Following the previous works, the

behavior and existence states of deuterium irradiated into ternary Li-containing oxides including LiAlO2, Li2TiO3 and LiTaO3, have

been focused in the present study. 

Fourier transform infrared spectroscopy (FT-IR) is a feasible technique to check O-D stretching vibration. In-situ FT-IR absorption

analysis has been conducted during 3 keV D2+ irradiation into those ternary Li-containing oxides. For example, in the IR spectra of

LiAlO2 multiple O-D stretching vibration peaks have been observed: the O-D neighbouring to Li vacancy at around 2600 cm-1 and the

O-D with interstitial D+ at 2500 cm-1. It was also observed during thermal desorption spectroscopy (TDS) after the irradiation that the

former was released as D2O above 530K and the latter as D2 about 500 K. Otherwise it was suggested that the existence of the non

O-D states which was considered as D+ trapped by F-center defects induced by irradiation damage. With temperature increasing to

above 450 K, the non O-D states was converted to the O-D with wave numbers of 2450-2400 cm-1, and this O-D was considered as

O-D near the F-defects. 

The similar observations on the other ternary Li-containing oxides like LiTiO3 and LiTaO3 have been obtained. However, the

proportion, the thermal stability of each state and the ratio of different release forms (D2 and D2O) were dependent on the materials. In

the presentation, these comparison results correlated to their structure and Li/O-ratio will be discussed in detail, and a model to describe

these behaviors and existence states of deuterium irradiated into ternary Li-containing oxides will be proposed.
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Tritium accumulation in walls is a limiting factor in efficient long term operation of fusion machines. A number of detritiation

techniques are under study, like laser, discharge, flash lamp based cleaning. One of the encountered difficulties is the limited access of

the detritiation tool in narrow spaces, as in divertor region, inter-tiles or inside castellated gaps, where in fact an enhanced co-deposition

and tritium trapping were observed. This contribution addresses the problem of elaboration of plasma torch as a tool appropriate for

stimulating detritiation and removal of co-deposited layers in such spaces.

The requirements imposed to the plasma torch source were related to the compatibility with inside torus operation: small diameter in

order to permit access in narrow spaces, reasonable power, large range of working pressures from vacuum to atmosphere, closed loop

cooling, flexibility in order to allow scanning and mounting on a robotic arm. The approached design is based on a radiofrequency

discharge constricted to burn in a closed space between an active radiofrequency electrode and a grounded nozzle, from where plasma

expands outside as a directional beam. The found solutions have led to a flexible hand held source working stable up to 300 W injected

power and consisting of a cylindrical body of 20 mm diameter including the external water jacket embracing the discharge and an

inside cooling circuit. 

The electrical characterization of the radiofrequency discharge sustaining the expanded plasma was performed and the domain of stable

source operation in terms of power, current, pressure, argon mass flow rate is presented and discussed. The plasma beam size presents a

strong dependence on pressure: the plasma length decreases from 200 mm to 20 mm, when pressure increases from vacuum to

atmospheric, depending on power and mass flow rate. The ionized gas temperature, as indicated by a thermocouple head inserted in

expansion in the nozzle proximity fall in the range 500-1000 oC. Emission spectroscopy, applied to preliminary experiments of

scanning graphite and metallic surfaces with the plasma torch in open atmosphere, indicates that processes like gaseous radicals

desorption are activated, the rate depending on the surface nature. The use of active gases is envisaged in order to enhance the observed

effects.

This work was performed under JET Fusion Technology Task Force programme and was partly funded by EURATOM.

326



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: H - Fuel Cycle and Breeding Blankets

In-Pile Tritium release behaviour of Lithium Metatitanate produced by Sol

Gel process in the irradiation experiment EXOTIC-9/1 (P4-H-454) 

Marjan Peeters, A.J. Magielsen, M.P. Stijkel

NRG P.O. Box 25 1755 ZG Petten The Netherlands

The irradiation programme EXOTIC (EXtraction Of Tritium In Ceramics) is carried out within the European framework for the

development of the Helium Cooled Pebble Bed concept. The EXOTIC-9/1 is the latest experiment in the series of EXOTICs, that are

irradiated in the High Flux Reactor, Petten. Tritium release and inventory in lithium containing ceramic pebbles are key properties in

the design of a TBM. New production routes of pebbles are developed, leading to different thermomechanical and tritium release

properties.

The objective of the EXOTIC-9/1 is to study in-pile tritium release behaviour of the latest developed lithium titanate pebbles

(Li2TiO3). The pebbles are produced by a sol gel process at CEA. The new pebbles differ with respect to porosity from the Lithium

titanate materials tested in the previous EXOTIC 8 programme. The pebbles have diameter in the range from 0.6 to 0.8 mm.

Irradiation of EXOTC-9/1 started at 24 March 2005, and will continue until the end of 2006, in total about 400 irradiation days. The

temperature is varied between 340 and 580 &#730;C. Begin of Life (BOL) tritium production rate is 0.56 mCi/min. 

In this paper the in-pile tritium behaviour will be reported during normal operation and during transients in temperature, purge gas

chemistry and gasflow. The collected data is compared to tritium release data from ceramics irradiated in previous EXOTIC

experiments with respect to tritium inventory, residence time and porosity.
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Forschungszentrum Karlsruhe (FZK) is developing the ITER prototype torus exhaust pumping system, comprising 8 identical

cryopumps to provide a high pumping speed and capacity, and fast on-line regeneration. To pump helium, which cannot be condensed

at the available 5 K cooling conditions, and to help pump hydrogens, the cryopanels are coated on both sides with activated charcoal

granules. 

The prototype pump features an integral inlet valve with a nominal diameter of 800 mm which can be closed during the plasma pulse

operation for on-line regeneration. The pump design is incorporating the results of the experimental campaigns performed with the

model torus cryopump (with about 50% of the pumping surface of the full scale pump) in the TIMO testbed at FZK as well as the

results achieved in the large scale tritium testing of an ITER relevant cryosorption pump set-up at JET, which were accomplished early

this year. This includes cryogenic and pumping aspects under air inbreak (LOVA) conditions, regeneration characteristics, and

compatibility to strongly sorbed substances (water, hydrocarbons, radicals).

This paper summarizes the requirements to the pumping system and outlines how these are successfully met. The way in which the

nominal parameters for the detailed design of the cryopumps are derived from the overall system specification is clearly described.

Finally, the detailed design of the pump and its typical sub-assemblies (such as the integrated inlet valve and bellows, baffles, shields,

and the 5K cryopanel circuit) will be discussed. For design validation it is planned that the torus prototype pump will be manufactured

by industry and tested in the TIMO facility at FZK, suitably upgraded to accommodate the prototype pump.
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A key issue of beryllium as a neutron multiplier in the blanket of future fusion reactors is tritium retention. Models are under

development in order to predict tritium release kinetics in the typical operating conditions of the material in the blanket: the absence of

experimental data in this range imposes an extrapolation of the models, therefore a detailed characterization and understanding of

microscopic diffusion phenomena related to macroscopic tritium release is necessary. It has been recently shown, that the availability of

evidence on such phenomena at a scale of 1 micron down to tens of nanometers enables a relevant progress in the effectiveness of

model validation: therefore the need for applying and developing advanced analytical techniques based on mass spectrometry at this

scale.

A study of tritium spatial distribution in neutron irradiated beryllium pebbles (2 mm diameter, 480 appm 4He, 7 appm 3H) by means of

Secondary Ion Mass Spectrometry (SIMS) is presented. Samples in different conditions (non-irradiated, at end of irradiation and at

different temperatures during thermal ramp annealing) are examined by an oxygen ion primary beam with a spatial resolution of 1

micron along a diameter. The sample preparation is optimized in order to enable a quantitative comparison among the different

conditions. Under an oxygen ion beam tritium is detected in the irradiated samples in a molecular form (3H2), with a continuous

distribution inside the grains, which suggests the presence of small clusters in agreement with TEM analyses, and in the form of peaks

at grain boundaries, corresponding to large grain boundary bubbles. The evolving of molecular tritium distribution measured by SIMS

during a typical thermal ramp release experiment shows precisely tritium diffusion from the centre of the grain to grain boundaries as

the temperature increases: at the same time the remaining intragranular tritium inventory, given by the integral of the distribution,

decreases. No significant lowering of tritium concentration from the centre to the surface of the sample is detected: this suggests that

tritium release is mainly driven by intragranular diffusion and not sensibly affected by the spherical geometry of the pebble. Thus one

of the main assumptions at the basis of the current tritium release models is confirmed and new evidence for future model upgrading is

provided.
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In the framework of the European Fusion Program, various Helium cooled Test Blanket Modules (TBM), such as the Helium Cooled

Pebble Bed (HCPB) blanket, are proposed for tests under reactor relevant experimental conditions in ITER. To qualify the TBM

module design for ITER, it is necessary to test full size mock-ups in a helium loop under realistic pressure, temperature and flow

conditions. The HCPB mock-ups will be tested at the Helium Loop Karlsruhe (HELOKA) test facility, at present in advanced status of

design. As far as possible, HELOKA shall operate with requirements similar to those of the Helium coolant circuit of the TBM modules

in ITER. 

One of the main requirements of the ITER main helium loop is its ancillary water cooling system, hence the need of a Water Cooling

System (WCS) for HELOKA. An existing WCS, recently used for the COMET (Core Melt Accidents) experiment, is foreseen for this

purpose. The system, designed in the 80´s for a heat load of about 7 MW, will be used first for the HELOKA TBM experimental

campaign, where the maximum expected heat load does not exceed 5 MW, and later on, for the Test Divertor Modules (TDM). The

thermal hydraulic effect has been studied using the system code RELAP5, where the pumps, the heat exchanger (HX), the cooling

tower, the valves, the piping, etc., can be modeled and the whole loop can be simulated for steady state, transient accident processes or

cyclic operation.

In order to improve the efficiency of the system and save energy, it has been proposed to install variable frequency converters for the

electric drivers and new feedback controllers. An evaluation of the overall performances of the system with the proposed feedback

controllers has been conducted with computer models developed with SIMULINK. 

At present most of the components have been modeled using manufacturer’s data. For some components, technical data are scarce and

therefore a comparison with experimental data to validate the models is planned. After the validation based on the experimental data,

the code will allow the testing of the control strategies for steady state, transients or cyclic operation and check the possible upgrade of

the system to 10 MW (expected heat load for the HELOKA TDM experimental campaign).

The control system is being modernized using state of the art hardware and software components. The upgrade also includes additional

sensors and a new data acquisition system.
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Three LOCA sequences have been analysed in the frame of the safety assessment of the European Helium Cooled Pebble Bed (HCPB)

Test Blanket Module (TBM) System. These three sequences have been selected as representative of accidents judged to cover all

scenarios envisaged in Cat II to IV events involving the TBMs. Some variations of these accidents in Cat.V have been evaluated to

assess the ultimate safety margins of the TBMs. The three groups of accidents investigated with their parametric variations have as

initiating event: 1) a in-vessel LOCA (i.e. failure of first wall channels and direct entrance of Helium in the Vacuum Vessel), 2) a

in-box LOCA (i.e. failure of internal cooling structures of the TBM with accidental pressurisation of the box), and 3) an ex-vessel

LOCA (i.e. rupture of a main helium loops in the ITER vault).  

The assessment addresses a number of concerns or issues that are directly caused by the TBM system failure. These concerns for the

different event sequences are the following, where applicable: (a) vacuum vessel pressurisation, (b) vault pressure build-up, c) purge

gas system pressurisation, (d) temperature evolution in the TBM, (e) decay heat removal capability, (f) tritium and activation products

release from the TBM system, (g) hydrogen and heat production from Be/steam reaction, and (h) Be/air reaction exothermic heat

production. 

In general the reduced inventory of activation products and Tritium associated with the TBM System makes the impact of this test

system almost negligible to the overall safety risk of ITER. Nevertheless, the possibility to jeopardise the ITER safety concept has been

analysed especially in connection to the possible pressurisation of the Vacuum Vessel due to the He coolant blow-down, the hydrogen

production from the Be-steam reaction, and the necessity to assure the heat removal in the short and long period.
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In the framework of developing the European Helium Cooled Pebble-Bed (HCPB) blanket an irradiation test of pebble-bed assemblies

is performed in the HFR Petten. The experiment is focused on the thermo-mechanical behavior of the HCPB type breeder pebble-bed at

DEMO representative levels of temperature and defined thermal-mechanical loads. To achieve representative conditions a section of

the HCPB is simulated by EUROFER-97 cylinders with a horizontal bed of ceramic breeder pebbles sandwiched between two

beryllium beds. Floating Eurofer-97 steel plates separate the pebble-beds. The structural integrity of the ceramic breeder materials is an

issue for the design of the Helium Cooled Pebble Bed concept. Therefore the objective of the post irradiation examination is to study

deformation of pebbles and the pebble beds and to investigate the microstructure of the ceramic pebbles from the Pebble Bed

Assemblies. 

This paper concentrates on the Post Irradiation Examination (PIE) of the four ceramic pebble beds that have been irradiated in the

Pebble Bed Assembly experiment for the HCPB blanket concept. Two assemblies with Li4SiO4 pebble-beds are operated at different

maximum temperatures of approximately 600°C and 800°C. Post irradiation computational analysis has shown that both have different

creep deformation. Two other assemblies have been loaded with a ceramic breeder bed of two types of Li2TiO3 beds having different

sintering temperatures and consequently different creep behavior. The irradiation maximum temperature of the Li2TiO3 was 800°C. To

support the first PIE result, the post irradiation thermal analysis will be discussed because thermal gradients have influence on the

pebble-bed thermo-mechanical behavior and as a result it may have impact on the structural integrity of the ceramic breeder materials.
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In the Helium Cooled Lithium Lead (HCLL) Blanket concept, the lithium lead plays the double role of breeder and multiplier material,

and the helium is used as coolant. The HCCL Blanket Module are made of steel boxes reinforced by stiffening plates. These stiffening

plates form cells in which the breeder is slowly flowing. The power deposited in the breeder material is recovered by the breeder

cooling units constituted by 5 parallel cooling plates. All the structures such as first wall, stiffening and cooling plates are cooled by

helium. Due to the complex geometry of these parts and the high level of pressure and temperature loading, thermo-mechanical

phenomena expected in the &#8220;HCLL blanket concept&#8221; have motivated the present study.

The aim of this study, carried out in the frame of EFDA Workprogram, is to validate the manufacturing technologies of HCLL blanket

module by testing small scale mock-up under breeder blanket representative operating conditions.The first step of this experimental

program is the design and manufacturing of a relevant test section in the DIADEMO facility, which was recently upgraded with an He

cooling loop (pressure of 80 bar, maximum temperature of 500°C,flow rate of 30 g/s) taking the opportunity of synergies with the

gas-cooled fission reactor R&D program. The second step will deal with the thermo-mechanical tests.

This paper focuses on the program made to support the cooling plate mock up tests which will be carried out on the DIADEMO facility

(CEA) by thermo-mechanical calculations in order to define the relevant test conditions and the experimental parameters to be

monitored.
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The main problem in fusion reactor technology is fast and complete tritium removal from the tritium breeder and the neutron multiplier

– ceramic and Be pebbles. Under the operating conditions, these materials will be at a high temperature (up to 1120 K), under action of

intense radiation (up to 1E19 n/(m²•s) and magnetic field (MF up to 7-10 T). Up to now, tritium release of these materials was studied

only under action of temperature and the neutron radiation of a fission reactor. It is difficult to introduce action of MF in experiments of

this kind. A special rig for irradiation of samples at a high temperature up to 1120 K with fast electrons of 5 MeV and dose rate 14

MGy/h in MF up to 1.7 T was used for this study. The activity of the tritium released into a gas phase (molecular tritium T_2, HT,

HTO) was measured with a gas flow detector. The activity of the tritium remained in the material (the forms of positively charged

tritium T^+, T_2, atomic tritium T° and negatively charged tritium T&#713;) was determined by means of both a gas flow detector and

a liquid scintillation method after dissolution of the material in acid with scavengers added. A delay of the tritium release in MF of 2.4

T at thermoannealing of the lithium orthosilicate Li4SiO4 pebbles (FZK) irradiated in the EXOTIC-8/8 experiment was observed.

Chemical forms of the tritium localised in the pebbles and the tritium distribution were determined (up to 75% - in T^+). The delaying

effect of MF on the tritium release could be related to lengthening of the diffusion path of T^+ in the volume of ceramic grains as a

result of the Larmor effect. The beryllium pebbles irradiated in the BERYLLIUM experiment were annealed at 1120 K under the

simultaneous action of the radiation and the MF of 1.7 T. The main form of the tritium localised in the Be pebbles is T_2 (85%-95%).

A stimulating role of MF on the tritium release at the annealing under the radiation was observed (up to 80%). This effect may be

related to radiolysis of the localised T_2 and the MF-induced spin transformation (singlet-triplet transformation) in the pair of radicals

T°•••T°, which increases the concentration of T°, which is a better diffusing particle in the grain volume of Be metal.
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EAST is the first fully superconducting tokomak prior to ITER, which is going to be operated in 2006. The major parameters of EAST

are comparable to those of ITER (for EAST, BT=3.5~4 T, D-D neutron rate=1015~1017n/sec, average heat flux on the

FW=0.1~0.2MW/m2, port size=0.97*0.53m2, plasma pulse length=~1000sec). It can provide alike the ITER’s HH and DD

environment and sever as a valuable pre-testing platform for TBMs (Test Blanket Module). 

A lithium lead test blanket module for the EAST (EAST-TBM) has been proposed as a important R&D and testing activity prior to

ITER. It will be tested in EAST and can achieve some of the testing tasks for H-H and D-D phases of ITER. The technology and

experience from successful testing of the EAST-TBM will supply more robust database and make significant joint contribution to the

future TBM testing in ITER, and optimize and improve the design of the Chinese dual function lithium lead TBM (DFLL-TBM)

system for ITER. Furthermore, EAST-TBM can partly resolve the conflict between the limited ITER resources for TBM testing and the

requirement of various DEMO blanket concepts proposed by Parties. Based on DFLL-TBM design and its testing strategy for ITER

and EAST, for the EAST-TBM, the Dual-cooled Lithium Lead blanket (DLL) scheme has been choose as preferred option and major

target of the concept, and Quasi-Static Lithium Lead blanket (SLL) serve as a backup option. The EAST-TBM is required to have

similar basic structure, structure material and function to DFLL-TBM except of contour size. The objectives of EAST-TBM are to

validate the design tools and codes for electro-magnetics, thermo-mechanics and partially neutronics, and to assess the TBM influence

on plasma performances and MHD effect, as well as to demonstrate the design feasibility of DFLL-TBM auxiliary system prior to

ITER  

The detailed design status of the EAST-TBM are presented in this paper, including main features, such as design geometry feature,

functional parameters, realistic manufacturing sequence, and attachment system to EAST port, etc. The feasibility of the EAST-TBM

has been validated with a series of performance analyses, such as neutronics analysis, thermal-hydraulics (including MHD effects of

liquid metal flow) analysis, thermo-mechanics analysis, on the basis of 3D real models. 

Key words: ITER; EAST device; Breeding blanket, EAST-TBM
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In 1998 following the DTE1 tritium experiment 150g of carbon material in the form of flakes and dust were remotely removed from the

JET vacuum vessel. Subsequent measurement by calorimetry showed the flake material to contain 0.5g of tritium and a specific activity

of 1.1TBq/g. Because of the specific tritium activity and out-gassing, the flakes were not considered to be a subject for disposal as

waste but to be processed and the tritium recovered. Depending upon the experimental programme it is projected that up to 2kg of flake

material may be generated during the lifetime of JET.  The flakes also contain up to 2w% of beryllium. Processing dust of material,

which contain carbon, beryllium and tritium is applicable to ITER. Future JET operation with beryllium “ITER-like” wall will make

properties of the materials closer to that to be expected for ITER.

A facility has been built within the Active Gas Handling System (AGHS) to recover the tritium and eliminate the flake material by its

complete oxidation. This produces HTO and CO2. The tritiated water is caught on a cold trap before being decomposed in reaction with

an intermetalic compound (Zr(Fe0.5Mn0.5)2) and the resultant hydrogen isotopes absorbed in a palladium (20w% Pd/Al2O3) sorbent

bed. The hydrogen isotopes can then be transferred into the main AGHS gas processing loop for isotopic separation and tritium

recovery.

A commercial thermal-gravimeter has been procured to act as the oxidation reactor. This will permit active commissioning of the

facility with up to 2g of flake material. Bench tests have enabled many of the process parameters to be optimised prior to full active

commissioning. The oxidation reactor operating at a temperature of 850ºC with a 50:50 Ar/O2  gas purge will achieve a flake

combustion rate of 6.2mg/min which is suitable for this scale of test. The activation of the intermetalic compound and the

sorbtion/desorbtion characteristics of the palladium sorbent have also been optimised.

Once the process has been proven on 2g flake batches the process will be scaled up to oxidise batches of 50g flake material.

This paper describes the inactive commissioning of the flake processing facility and the active processing runs on the flake material.
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Packed pebble beds are particular granular systems composed of a large amount of small particles, arranged in irregular lattices and

surrounded by a gas filling the interstitial spaces. Due to their particular heterogeneous structure, pebble beds have thermal and

mechanical behaviours that are non-linear, coupled and strictly depending on the bed morphology. The present knowledge of these

behaviours is limited and the theoretical constitutive models developed are not always apt to match the experimental observations,

appearing not suitable for a practical use, especially for design-oriented purposes. Therefore research activities are being promoted to

develop a realistic constitutive model, especially for lithium ceramics and beryllium pebble beds, that are foreseen to be used in the

Helium Cooled Pebble Bed breeding blanket concept of the Long Term fusion reactor.

Within this framework the Department of Nuclear Engineering (DIN) of the University of Palermo has been involved in the

development of a mechanical constitutive model for fusion pebble beds, based on the fundamental assumption that they can be

considered as continuous, homogeneous and isotropic media characterized by effective properties depending on their thermal and stress

or strain state. The present paper deals with the non-linear elastic constitutive model developed at the DIN for fusion pebble beds and it

also outlines the semi-theoretical procedure defined to determine the model parameters. It has been assumed that in pebble beds, during

reversible straining, a non linear functional dependence holds between the differentials of the void ratio and the logarithm of the

equivalent pressure stress, that results in a logarithmic bulk modulus depending on the pressure as a modified power law. Moreover a

constant Poisson modulus has been supposed for the bed. In this hypothesis and by neglecting the solid material compressibility, the

functional dependence of the effective bed deformation modulus on either the equivalent pressure stress or the volumetric elastic strain

has been derived in a closed analytic form. A semi-theoretical procedure has been, then, defined to determine the parameters of the

model for a given pebble bed from the results of its oedometric test and it has been applied to both polydisperse lithium orthosilicate

and single size beryllium pebble beds.

The model details together with the aforementioned semi-theoretical procedure are reported and critically discussed.
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Beryllium pebbles of about 1 mm diameter are presently the reference neutron multiplier in helium cooled pebble bed (HCPB) blanket

designs, both in Japan and Europe. However, some concern exists with Be pebbles, mostly because of the uncertainty of T-release

properties during DEMO reactor operation conditions. Since the recent past, beryllides like Be12Ti are considered to be one of the most

promising materials for advanced neutron multipliers due to their relatively high melting point, good chemical and corrosion stability

and much better tritium release behaviour compared to pure Be. Development of scaleable manufacturing methods bypassing the

intrinsic brittleness of beryllides is considered to be the most challenging.

In this work, we present a detailed study of two different routes of titanium beryllide fabrication, including characterisation of obtained

specimens by means of Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), X-Ray Analysis and

impurity analysis performed by Plasma Emission Spectrometer.
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Within the European Fusion Technology Programme, the Helium-Cooled Lithium Lead (HCLL) breeding blanket concept is one of the

two EU lines to be developed for a Long Term fusion reactor, in particular with the aim of manufacturing a Test Blanket Module

(TBM) to be implemented in ITER.

The HCLL-TBM is foreseen to be located in an ITER equatorial port, being housed inside a steel supporting frame, actively cooled by

pressurized water. That supporting frame has been designed to house two different TBMs providing two cavities separated by a

dividing plate 20 cm thick.

As the nuclear response of HCLL-TBM could vary with the supporting frame configuration and composition, a parametric study has

been launched to investigate such an influence.

Previous works dealt with the dependence of the nuclear response of HCLL-TBM on the configuration of an homogeneous frame, the

present one has been focused on the investigation of the influence of coolant distribution within the frame. So, a detailed parametric

study of the HCLL-TBM nuclear response has been performed by means of 3D-Monte Carlo neutronic and photonic analyses,

simulating the frame in a semi-heterogeneous way. 

Two 3D heterogeneous models of the HCLL-TBM has been set-up considering for the system frame-TBM, both the usual poloidal

lay-out and a toroidal one, taking into account 9% Cr martensitic steel (Z 10 CDV Nb 9-1) as structural material. The models have been

inserted into the existing 3D semi-heterogeneous ITER one, simulating realistically the reactor lay–out up to the cryostat and providing

for a proper D-T neutron source. 

The analyses have been performed by means of the MCNP-4C code, running a large number of histories (100.000.000) for each one of

them in such a way that results obtained are affected by statistical uncertainties lower than 1%.

The results obtained are reported and critically discussed.
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Within the framework of the activities promoted by European Fusion Development Agreement on the technology of the Helium Cooled

Pebble Bed Test Blanket Module to be irradiated in one of the ITER equatorial ports, attention has been focused on the theoretical

modelling of the thermo-mechanical constitutive behaviour of both beryllium and lithiated ceramics pebble beds, that are envisaged to

act respectively as neutron multiplier and tritium breeder.

The thermo-mechanical behaviour of the pebble beds and their nuclear performances in terms of tritium production depend on the

reactor relevant conditions (heat flux and neutron wall load), the pebble sizes and the breeder cell geometries (bed thickness, pebble

packing factor, bed overall thermal conductivity). 

ENEA-Brasimone and the Department of Nuclear Engineering (DIN) of the Palermo University have performed intense research

activities intended to investigate fusion-relevant pebble bed thermo-mechanical behaviour by adopting both experimental and

theoretical approaches. In particular, ENEA has carried out several experimental campaigns on small scale mock-ups tested in

out-of-pile conditions, while DIN has developed a proper constitutive model that has been implemented on commercial FEM code, for

the prediction of the thermal and mechanical performances of fusion-relevant pebble beds and for the comparison with the experimental

results of the ENEA tests. In that framework, HELICA mock-up has been set-up and tested to investigate the behaviour of pebble bed

in reactor-relevant geometries, providing useful data sets to be numerically reproduced by means of the DIN constitutive model,

contributing to its assessment.

The paper presents the constitutive model developed and the main experimental results of two test campaigns on HELICA mock-up

carried out at HE-FUS 3 facility of ENEA Brasimone, the geometry of the mock-up, the adopted thermal and mechanical boundary

conditions and the test operating conditions. The most interesting experimental results obtained are compared to the theoretical

calculations performed to assess the constitutive model. In particular, the comparison show a good agreement between the temperatures

and displacements numerically predicted at the instrumented points of the section and their measured values.
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The PERMCAT process has been chosen in ITER to be the final clean-up stage of the 3-step Tritium Exhaust Processing system. One

of the main critical aspects of such a technology is the mechanical stress of the Pd/Ag membrane due to hydrogen uptake during

operation. This hydrogen effect is negligible when the component is operated at the nominal temperature of 400 °C. However in case of

hydrogen permeation at lower temperatures it can yield to significant expansion of the lattice parameter, inducing a noticeable

macroscopic elongation of the membrane. 

A dedicated experimental device has been built to study in more details the technical consequences of such off-normal operational

conditions. The apparatus comprises a finger-type Pd/Ag membrane (fixed only at one end) enclosed in a quartz tube allowing in-situ

observations during operation with hydrogen. By varying the operational conditions (temperature and hydrogen pressure at the feed and

permeate sides) some critical aspects are pointed out: membrane elongations of more than 2 % are measured for a temperature of 50 °C

and some bending of the membrane takes place once the temperature is below 150 °C. 

Accordingly the first generation of PERMCAT reactors comprises finger-type membranes fixed only at one end. This can ensure

reliability of the component in case of nominal operational conditions. However the design is not considered sufficiently robust for

reactor applications. Thus new mechanical designs are proposed so as to improve the robustness of the unit and ensure its integrity even

under off-normal operation conditions. Two different upgraded components have been produced using either an additional stainless

steel edge welded bellows or a special and dedicated convoluted (corrugated) Pd/Ag membrane. The experimental validation of these

new concepts is carried out with gas processing tests using water vapour as the “contaminated” species and deuterium as the swamping

gas. Results of experiments on the both new designs are compared and discussed with regard to the specific design characteristics of

each type of new reactor.
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Design of the Inner Breeding Tritium Cycle (IBTC) for DEMO-like He-Cooled Lithium-Lead (HCLL) breeding blankets presents

many open questions on solutions and choice of operational modes and parameters. Tritium transfer limits to the environment is the top

design constraint for IBTC conceptual design. Among the options, Rankine cycle is the most conservative choice for Power Conversion

Cycle in terms of technology maturity and tritium control requirements. Optimization of GC-HTR designs adaptation to DEMO

primary coolant (PC) [300/500 ºC, 80bar] permit one to assess the two general diverse coolant chemistry options (HT oxidation or H2

isotopic swamping). Both options are discussed in terms of tritium control, and internal and external IBTC processing demands.

Permeation from breeder into the He primary coolant and extraction of bred tritium out from the Pb15.7Li act as input givens of the

IBTC conception. Dynamic tritium transfer under imposed MHD advection regimes coupling with convection fields in channel thermal

steady-state distributions and radial breeding sources are inputs for actual assessments based on 2D moving-slab numerical techniques.

IBTC relevant parametrical runs showing the evolution of tritium poloidal-toroidal BB-in/BB-out concentration planes in LM channels

are given. Ultimate tritium processing technologies performance (CPS: Coolant Purification System, TES: Tritium Extraction System

from Pb15.7Li and TRS: Tritium Recovery System from TES purging columns) acts as boundary IBTC design constraints. Actual

limits for transient modes are discussed. The IBTC design variables concern: i) system disposition in the IBTC lay-out, ii) use of tritium

control solution at BB design level (ex. anti-permeation barrier), (iii) selection of system processing variables (ex. LM flowing

velocities) and (iv)  external effluents inputs for PC chemistry control.  High processing efficiencies of CPS for relatively low flow

rates means by-passing IHEx does not have a significant effect on conversion efficiencies. Use of anti-permeation barriers is seen in

terms of IBTC operational option. Depending of the coolant chemistry strategy, PRF if used, relax ISS (oxidation option) or WDS

(H2-swamping) processing demands. Global tuning of complete set of process parameters is accomplished through an ad-hoc block

diagram dynamic modeling tool. Visual realization of the multi-parametrical runs and optimizations within the anticipated ranges are

shown.
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EUROFER97 is a 9Cr1W0.2V0.1Ta reduced activation ferritic/martensitic (RAFM) steel, presently considered within the European

Union as the primary candidate as structural material in a fusion power plant. Its mechanical strength properties currently prevent its

use at temperatures higher than 500-550 °C. In an effort to extend the range of operating temperatures to 600-650 °C and therefore

enhance the efficiency of the machine, a different production route, Oxide Dispersion Strengthening (ODS), has been investigated. The

characteristics of different versions of EUROFER97 ODS have been investigated in recent years, leading to the improvement of the

material by a combination of optimized production process and post-HIPping thermal treatment. Until 2005, the mechanical properties

of EUROFER97 ODS have only been investigated in the baseline (unirradiated) condition, and no information was available for the

irradiation response of the material. However, mechanical samples have been irradiated during 2004-2005 at 300 °C in the Belgian

Reactor 2 (BR2) in Mol up to an accumulated dose in the range 1.75-2 dpa; tensile, Charpy impact and fracture toughness tests have

been performed in the hot cell laboratory of the Belgian Nuclear Centre (SCK&#65533;CEN). The results obtained allow quantitatively

assessing the degration of mechanical properties induced by neutron irradiation. Comparison are also presented with similar mechanical

test results obtained from "base" (non-ODS) EUROFER97, previously irradiated in BR2 under comparable conditions (temperature and

dose), as well as with relevant literature data from other RAFM steels.
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High-heat flux components of ITER, like divertor and limiter, operate under high thermomechanical loads. In certain situations the

strain level of high-heat flux materials exceeds the elastic level. Thus, it is necessary to introduce strain hardening into calculations of

stress-strain conditions.

Standard approach consists in applying average values of material hardening parameters obtained from the linear approximation of

engineering stress-strain curves. Data on the irradiation effects on SHC of ITER materials are lacking. Sufficient data base on the

properties of 316 L(N) steel and copper alloys, such as CuCrZrIG and GlidCopAl25IG, has been accumulated in the context of ITER

R&D, which allows for the statistical analysis of the representativeness of these data, including the effect of neutron irradiation.

Sufficient data are also available to receive average stress-strain curves for unirradiated and irradiated materials.

Our research shows that the optimal results can be obtained by the non-linear regression analysis of the digitally obtained data (2*2000

points) for each of the experimental stress-strain curves.  Analytical function describing the curve is suggested and appropriate equation

coefficients are found. On the basis of these coefficients average stress-strain curves are calculated in the analytical form as well as

curve’s SHC. 

This paper presents the results of the SHC calculations for several types of ITER materials (316 L(N), CuCrZr, pure Cu, GlidCopAl25)

performed on the basis of materials testing in Russian Federation. The analysis of the stress-strain curve of the irradiated specimens

reveals that irradiation in the range of 0.01 - 2 dpa at  temperatures of 80-200°&#1057; results in increase in the yield strength and a

decrease in SHC. In the range of low deformations (~0.1 - 0.5%) the difference in SHC of the irradiated and unirradiated specimens can

be as high as 200-300%. The conclusion is possible that the accumulated database on the stress-strain curves of ITER materials is

sufficient so as to obtain reliable estimates of SHC both in the initial and irradiated states.
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The optical transmission components of the future thermonuclear reactor will be expected to maintain their transmission properties

under high levels of ionizing radiation (»5 Gy/s) during hundreds of hours. For such applications, radiation-induced optical absorption

imposes a severe limitation. It is therefore necessary to study the optical degradation of suitable candidate materials, to assess the

system lifetimes. KU1 quartz glass is known to be radiation-resistant, so, KU1 pellets (approx. 5 mm diameter) samples prepared in

CIEMAT, Madrid, in the frame of Romania - EURATOM co-operation, and a CARY 4 VARIAN spectrophotometer have been used.

The irradiation was performed using 12.6 MeV protons at Bucharest TANDEM accelerator, in the following conditions: 0.8 mm thick

KU1 samples at a total dose of 2 x 1014 protons, in air and in vacuum irradiation at temperatures between 20 and 50 C on the target.

The presence of a 215 nm peak (due to both electron and nuclear collisions stopping) and a big reduction (as compare to a similar

gamma irradiation) of the 270 nm peak (due only to nuclear collisions) were observed. Using the data from AEA Harwell FUS86

EURATOM report, the dose rate of our 12.6 MeV proton irradiations (1 nA beam intensity on a 3x3 mm2 area during 15 hours) was

evaluated at 200 Gy/s and the total irradiation dose at 10 MGy. Comparing our spectra (mainly the intensity of 215 nm peak) with the

results for gamma and high energy electron irradiations, we can conclude for the 12.6 MeV proton irradiation at 50 C that the saturation

effect in absorption is obtained after a 10 MGy dose, as compared with 4-5 MGy for gamma and with 11-12 MGy for electrons,

suggesting the ionization process is essential for defect absorption centers in all the cases.  Preliminary studies using high energy proton

irradiations for a new type of quartz glass – KS-4V (dose and temperature dependence of absorption behavior in UltraViolet and

Visible regions) as a part of the efforts related to the selection of the most resistant in various radiation fields optical transmission

materials to be used in the future International Experimental Thermonuclear Reactor (ITER) project are also reported.

345



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: I - Materials Technology

Modelling irradiation effect of EUROFER under Fusion Power Plant-Relevant

Conditions (O1B-I-28) 

Jean-Louis BOUTARD(1), Segei DUDAREV(2), Max VICTORIA(3), Eberhard DIEGELE(1), Rainer LAESSER(1), Chu

Chun FU(4), Francois WILLAIME(4), María José CATURLA(5), Jan KAELLNE(6), Kai NORDLUND(7), Lorence

MALERBA(8), Abderrahim ALMAZOUZI(8), José Manuel PERLADO(9), Michael RIETH(10), Robin SCHAEUBLIN(11)

1. EFDA CSU-Garching Boltzmannstr. 2 D-85748 Garching bei München Germany
2. EURATOM/UKAEA Fusion Association Culham Science Centre OX143DB Abingdon UK
3. Universidad Politécnica de Madrid, Departamento de Ingeniería Nuclear C/José Gutiérrez Abascal, 2 28006 Madrid Spain
4. CEA Saclay Gif-sur-Yvette-Cedex 91191 Saclay France
5. Universidad de Alicante, Departamento de Física Aplicada Facultad de Ciencias, Fase II 03690 Alicante Spain
6. University of Uppsala, Inst. för Neutronforskning PO Box 256 751 05 Uppsala Sweden
7. University of Helsinki, Department of Physics Accelerator Laboratory P.O. Box 43 000147 Helsinki Finland
8. SCK-CEN Boeretang, 200 2400 Mol Belgium
10. Forschungszentrum Karlsruhe, IMF Postfach 3640 76021 Karlsruhe Germany
11. CRPP-PSI (Paul Scherrer Institut) Villigen PSI 5232 Villigen PSI Switzerland

In fusion power reactor, the properties that controlled the behaviour of materials are affected at the atom scale: (i) the crystalline

structure is locally destroyed where a displacement cascade occurs, (ii) the chemical bond is affected by transmutation products such as

He and H, (iii) an radiation induced microstructure will take place due the diffusion of these point defects and impurities EFDA has

launched a programme since 2002 to develop and validate modelling tools to predict the radiation effects in the reference ferritic

martensitic steel Eurofer. Up to now, the effort has been devoted (i) to validate the multi-scale modelling approach based on ab-initio

energetics map of point defects and He, (iii) to develop inter-atomic potentials for Molecular Dynamics simulation of displacement

cascades and dislocation dynamics.

Formation and migration energies and diffusion mechanisms of small vacancy (n<  ) and interstitial clusters (n<  ) were computed with

the ab-initio code SIESTA and used to successfully predict via Kinetic Monte Carlo the experimental recovery stages of radiation

damage in ultra high purity Fe. A complete He and point defect energetics mapping was ab-initio determined in Fe-C and used to

reproduce via Rate Theory He-desorption from pre-implanted specimens. A developed “magnetic” potential is capable of transferring

the magnetic properties of Fe due to the 3d-electron correlation to the scale of the Molecular Dynamics. An inter-atomic potential is

being developed to reproduce the thermodynamics of the Fe-Cr system. 

The program will now be devoted (i) to develop atom-scale reference kinetic methods to predict the phase – stability of the Fe-Cr

thermally and under irradiation (ii) to predict at the atom scale the core structure and dynamics of screw dislocation and their collective

behaviour at the meso-scale, using Discrete Dislocation Dynamics (iii) to validate at the relevant scale using the multi-beam

CEA-CNRS facility JANNUS. JANNUS allows irradiating with double (dpa, He) or triple (dpa, He, H) beam and characterising (TEM,

AP-FIM, nano-identation) volume of materials of the same order as the ones that can be simulated. The strategy with materials with

increasing complexity of chemical composition and initial microstructure will be presented. The resulting modelling tools and

associated data base should be used to correlate exoperimental data from varied irradiation source and to optimize IFMIF testing

programme and extrapolate the results with enhanced confidence.
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The International-Fusion-Material-Irradiation-Facility (IFMIF) is an accelerator driven neutron source to create a displacement rate per

full power year of 20-50 dpa/fpy in fusion DEMO reactor candidate materials within the High-Flux-Test-Module (HFTM). Besides the

displacement damage IFMIF also provides helium and hydrogen production rates that reflect within the uncertainties the values

expected in a DEMO Fusion reactor. Within the limited volume of 0.5 litres more than 1000 qualified specimens can be irradiated

simultaneously. They are housed in capsules, which are inserted in rigs. The rigs are installed within the HFTM container. The

subdivision into 12 rigs allows the simultaneous irradiation at different temperature levels between 300 and 600 °C or more. However

the limited space within the HFTM requires a sophisticated arrangement of the specimen, equipments for temperature control and heat

removal through narrow channels. 

Helium is chosen as coolant as it will not be activated nor it is corrosive. The coolant pressure is limited to 0.3 MPa in order to keep the

mechanical constraints on the container walls low. Neutronic calculations with the extended Monte Carlo code McDeLicious provide

the nuclear heat density in the container, rig and capsule walls as well as in the specimens. In addition heat from electric heaters is used

to keep the specimens at the envisaged temperature levels with tolerances of ± 15 °C. This tolerance requires a highly reliable

prediction of heat removal and pressure loss in the above mentioned narrow channels. The CFD code STAR-CD has been used for

thermo hydraulic lay out. As the coolant conditions are not covered reliably by available experiments, a dedicated experimental helium

loop (ITHEX) has been built up. Within an annular test channel local friction factors and heat transfer in a developing flow were

measured. The experimental results lead to the conclusion, that the k-&#949;-Low-Reynolds turbulence model is well suited for the

HFTM design. A second experiment for analysing the influence of the inlet transition from the inlet plenum into the narrow channels

has been performed. To this end a special LDA (Laser Doppler Anemometry) system was built up with a probe volume of less than

50µm width. More results on dedicated experiments will be presented. The so far validated thermo hydraulic simulations with

STAR-CD provide the input for the stress analyses for the HFTM container and internals. The crucial manufacturing techniques are

tested. We, therefore, are confident, that the sophisticated HFTM design is feasible.
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The ability of optical fibres to guide light has contributed to reducing the complexity of the optical path design in plasma diagnostic

systems. Plasma diagnosticians used the optical fibres to transmit light emitted from the plasma edge to the diagnostic area for further

analysis and extraction of the plasma parameter information.

In ITER, particular attention must be paid regarding the radiation resistance of installed materials and components. The plasma pulse

duration in ITER will last typically several hundreds of seconds. During this period, the plasma will produce a significant amount of

radiation which will impact the components installed close to the plasma vessel. This radiation alters the optical properties of glasses

mainly through absorption and luminescence mechanisms. To guarantee a successful operation of the optical fibres, we need to

minimize both effects as much as possible[2]. 

We selected three high-purity fused glass fibre preforms, KU1 (high OH/low Cl), KS4V (low OH/low Cl) and STU (low OH/moderate

Cl) known to be radiation-resistant and characterized by different OH and Cl contents. These preforms were drawn at FORC in

Moscow into aluminium-coated fibres of 200 µm core diameter with a core/cladding ratio of 1.2. After drawing, all the fibres were

simultaneously soaked in a hydrogen atmosphere at high pressure and temperature for several weeks to allow hydrogen to penetrate the

aluminium coating. The rationale behind the application of  an Al-jacket is to maintain a high level of hydrogen concentration inside

the glass network for a long period. The fibres were stored at ambient temperature for several weeks before carrying out the  irradiation

tests. The fibres were subjected to both pure ionizing radiation at a dose-rate of 5.55 Gy/s and mixed gamma-neutron fission reactor

conditions. The temperature was kept constant at 50°C during the irradiations.

We demonstrated that the hydrogen-treatment is an effective approach to reduce the radiation-induced absorption in the visible spectral

region in both gamma or mixed neutron-gamma radiation field as soon as the hydrogen is not exhausted. In moderate reactor irradiation

conditions, we showed that low-OH fibres treated by molecular hydrogen can transmit 20 times more light at a given total dose 

compared to untreated optical fibres. Based on these results, we will also discuss the potential lifetime of optical fibres in ITER

according to their location in the tokamak.
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A first primary blanket structure is composed of the low-activation steel, e.g. F82H, and is fabricated by using a solid hot isostatic

pressing (HIP) bonding method.  A partial mock-up of such a blanket structure was successfully fabricated.  The tensile specimen

including HIP-bonded region possessed a sufficient strength and elongation under a non-irradiated condition as reported in our previous

studies.  In this study, the microstructures of HIP interface before irradiation were observed by a TEM, and the effects of irradiation on

mechanical properties of the HIP-bonded region were also examined.

TEM observation and elemental analysis of the HIP-bonded region before the irradiation were performed by using a FE-TEM of

HF-2000 equipped with EDX spectroscopy.  Tensile specimens (type SS-3) were prepared from a HIP-bonded region and a plate region

of the mock-up block.  Neutron irradiation was performed up to about 1.9 dpa at about 523 K in JMTR.  After the irradiation, tensile

test was performed at temperatures of 295 and 523 K.  After the tensile test, OM observation at the rupture region and SEM observation

at the fracture surface were conducted, respectively.

TEM observation and analytical results revealed that the HIP interface possessed many precipitates, and enriched peak spectrum of

chromium was detected from the precipitates.  In addition, aspect of the spectrum was qualitatively equivalent to that of M23C6 in

grain boundaries of F82H steel.  In result, the HIP boundary has many M23C6 which were generally seen in grain boundaries of F82H

steel, and it can be mentioned that the HIP interface is, in this sense, a new grain boundary.  Obvious HIP boundary was seen at rupture

region of tensile specimens sampled from the HIP-bonded region, by the macroscopic observation.  It means that rupture do not occur

in the HIP interface.  In result, it can be mentioned that bondability of the HIP interfaces is kept under the irradiation and testing

conditions.  The strength and elongation of the HIP-bonded region and plate region decreased somewhat in comparison with the results

of an IEA standard steel, at all test temperature.
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While the high flux volume (20-50 dpa/fpy) of the International Fusion Materials Irradiation Facility (IFMIF) is dedicated to the

irradiation of ~1100 qualified specimens that will be post irradiation examined after disassembling in dedicated Hot Cells, various in

situ experiments are foreseen in the medium flux volume (1-20 dpa/fpy). Of specific importance for structural lifetime assessments of

fusion power reactors are instrumented in situ creep-fatigue experiments, as they can simulate realistically a superposition of thermal

fatigue or creep fatigue and irradiation with fusion relevant neutrons.

Based on former experience with in situ fatigue tests under high energy light ion irradiation, a design study has been performed to

evaluate the feasibility of in situ creep fatigue tests in the IFMIF medium flux position. The vertically arranged test module for such

experiments consists basically of a frame similar to a universal testing machine, but equipped with three pulling rods, driven by

independent step motors, instrumentation systems and specimen cooling systems. Therefore, three creep fatigue specimens may be

tested at one time in this apparatus.  Each specimen is a hollow tube with coolant flow in the specimen interior to maintain individual

specimen temperatures. 

The recently established IFMIF global 3D geometry model was used together the latest McDeLicious code for the neutral and charged

particle transport calculations. These comprehensive neutronics calculations have been performed with a fine special resolution of 0.25

cm3, showing among others that the specimens will be irradiated with a homogeneous damage rate of up to 13(&#61617;9%) dpa/fpy

and a fusion relevant damage to helium ratio of 10-12 appm He/dpa. In addition, damage and gas production rates as well as the heat

deposition in structural parts of the test module have been calculated. 

Despite of the vertical gradients in the nuclear heating, CFD code calculations with STAR-CD revealed very homogeneous

temperatures of the gauge volume over a wide temperature window. This has been achieved by introducing an innovative cooling

concept that controls the local coolant efficiency of the helium gas inside the hollow creep fatigue specimen. Hence, the related

absolute temperature difference amounts to only 10 K at 250 °C and 30 K at 650°C. Finally, the design integration of the in situ creep

fatigue is shown based on CATIA drawings together with the latest view of the Test Cell design.
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The Eurofer’97 is the structural reference material that will be tested in the ITER modules. Its metallurgical properties have been well

characterized during the last years. However, more investigations related with the fracture toughness of this material are necessary

because this property is one of the most important to design structural components and to study their integrity assessment. 

In the case of structural materials for fusion reactor the small specimen technology (SSTT) are being actively developed to investigate

the fracture toughness among other mechanical properties. The use of small specimens is due to the small available irradiation volume

of IFMIF and also due to the high fluence expected in the fusion reactor. 

The aim of this paper is to determine the fracture toughness of the Eurofer’97 steel by testing small specimens of different geometry in

the ductile to brittle transition region, with the application of the Master Curve methodology, and to evaluate this method to assess the

decrease in fracture toughness due to neutron irradiation. The tests and data analysis have been performed following the Master Curve

approach included in the ASTM Standard E1921-05. Specimen size effect and comparison of the fracture toughness results with data

available in the literature are also considered.
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In the IFMIF (International Fusion Materials Irradiation Facility) testing facility, the required high energy neutrons emission will be

produced by reaction of two D+ beams with a free surface liquid Lithium jet target flowing along concave back-wall at 20 m/s. The

Lithium height in the experimental loop and its relevant static pressure, the high flow velocities and the presence of several devices for

the flow control and the pressure reduction increase the risk of cavitation onset in the target system. 

Special attention has to be taken in the primary pump, in the flow straightener, in the nozzle and their interconnections where the local

pressure decreases and/or velocity increases or flow separations could promote the emission of cavitation vapour bubbles. The

successive bubble re-implosions, in the higher pressure liquid bulk, could activate material erosion and transportation of activated

particulates. These bubbles, if emitted close to the free jet flow, could also procure hydraulic instability and disturbance of the neutron

field in the D+ beams-Lithium target zone. 

Therefore, the cavitation risk must be properly foreseen along the whole IFMIF Lithium target circuit and its occurrence at different

operating condition should be also monitored by special instrumentation. 

ENEA, in close cooperation with JAEA, has demonstrated the capability to detect the onset of the cavitation noises in liquid Lithium,

by using the ENEA patented accelerometric gauge called CASBA-2000, during hydraulic test campaigns carried-out at Osaka

University Lithium facility on a straight mock-up of the IFMIF back plate target. Comparison with the Thoma’ cavitation similitude

criteria have also determined the critical threshold limit for the estimation of the onset. 

Theoretical study on the conditions of cavitations generation in the IFMIF Lithium Target Circuit were also launched between ENEA

and JAEA aiming at analysing the risk of the cavitation occurrence in the Lithium flow by using the Thoma’ cavitation similitude

already assessed by the previous tests. At the reference geometrical and thermal-hydraulic boundary conditions of the present design of

the IFMIF Lithium target loop (Lithium velocity and temperature respectively fixed at 250 °C and 20 m/s at nozzle outlet, Argon

pressure 1x10-5 Pa at the dump tank) the risk of cavitation occurrence everywhere in the circuit has been excluded.

The paper presents both the results of the experimental tests on the detection of cavitation noises in Lithium flows and the relevant

theoretical prevision on the reference IFMIF Lithium target loop.
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Optical ceramics such as fused silica and transparent alumina are expected to play an important role in nuclear systems under

development. For example, optical diagnostics of burning fusion plasma will be crucial for success of the ITER. The paper will

describe behaviors of radiation induced luminescence of optical ceramics under gamma-rays, ions, and 14MeV neutron irradiation.

Radiation induced luminescence will be sometimes hazardous for optical diagnostics, but it will be also beneficial as a

radiation-dosimetry-sensor. Fused silica (SiO2) emits strong radioluminescence peaks in a visible wavelength range, and behaviors of

radioluminescence peaks were found to be strongly modified by existence of oxyhydrate (OH). Alumina (Al2O3) is another candidate

material for optical windows and it usually has a strong radioluminescence peak at about 693nm, which is caused by the impurity

chromium. The radioluminescence peak at 693nm of chromium doped alumina (ruby) is well-established peak for application to the

radiation dosimetry, but its intensity changed complicated with changes of irradiation doses, irradiation temperatures and energies of

incident ions. Some ceramics, such as strontium aluminates showed radioluminescence under the 14MeV neutron irradiation, and they

can be used as a sensor for the 14MeV fusion neutrons.
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The design of the IFMIF High Flux Test Module (HFTM) is based on the predictions for the heat transfer in narrow channels

conducting helium flow of 50°C inlet temperature at 0.3 MPa. The emerging helium flow conditions are in the transition regime of

laminar to turbulent flow. The rectangular cooling channels are too short for the full development of the coolant flow. Relaminarization

along the cooling passage is expected. At the shorter sides of the channels secondary flow occurs, which may have an impact on the

temperature field inside the irradiation specimen's stack.

As those conditions are not covered by available experimental data, the dedicated gas loop ITHEX has been constructed to operate up

to a pressure of 0.42 MPa and temperatures of 200°C. It's objective is to conduct experiments for the validation of the STAR-CD CFD

code used for the design of the HFTM. As a first stage, two annular test-sections with hydraulic diameter of 1.2 mm have been used,

where the experiments have been varied with respect to gas species (N2, He), inlet pressure, dimensionless heating span and Reynolds

number encompassing the range of operational parameters of the HFTM.

Local friction factors and Nusselt numbers have been obtained giving evidence that the transition regime will extend to Reynolds

10,000. For heating rates comparable to the HFTM filled with RAFM steels, local heat transfer coefficients are in consistence with the

measured friction data. To validate local velocity profiles the ITHEX facility was further equipped with a flat rectangular testsection

and a Laser Doppler Anemometry (LDA) system. An appropriate optical system has been developed and tested for the tiny observation

volume of 40 µm diameter. Velocity profiles as induced by the transition of a wide inlet plenum to the flat mini-channels have been

measured. Whereas the CFD models were able to reproduce the patterns far away from the nozzle, they show some disagreement for

the conditions at the nozzle. Several possible options to cope with this deficiency will be presented. A systematic analysis using

STAR-CD between 8 different low Reynolds number turbulence models showed that the k-&#949; low Reynolds model is most

appropriate in describing the transition region. On the basis of these experimental results and analyses obtained so far with ITHEX it

can be concluded that STAR-CD and it's k-&#949; low Reynolds model is validated for the thermohydraulic design of the HFTM.
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Installation of 1,122 ferritic steel tiles was proposed in JT-60U to reduce the toroidal magnetic field ripple and to improve the fast ion

loss, which caused degradation of heating efficiency and increases in heat load on plasma facing components under large volume

plasma operations.  The candidate ferritic steel was F82H (8Cr-2W-0.2V-0.04Ta), which is a reduced-activation ferritic/martensite

(RAF/M) steel developed by JAERI for one of the in-vessel structural material and has sufficient magnetic properties for the ripple

reduction.  However we selected an 8Cr-2W-0.2V ferritic steel, in which concentration limits of activation elements were relaxed

because of the less number of neutron generations from deuterium operations in JT-60U.

The ferritic steel tile was installed instead of the carbon tile so that the support structure was reinforced to be against the

electromagnetic and the thermal load during the operation of JT-60U.  This ferritic steel tile was required of the mechanical strength,

such as yield strength of over 375 MPa and tensile strength of over 500 MPa, at the highest operational temperature at 573 K and of the

basic vacuum properties as the in-vessel material.

The mechanical properties were evaluated by the tensile tests.  In the fabrication procedure of the ferritic steel plate, normalizing and

tempering were proceeded in three batches of hot-rolled plates so that the strength variations were evaluated at the ambient temperature.

 The temperature dependence of the tensile strength up to the operational temperature was also measured.  The variations were very

small among the plates fabricated and sufficient tensile strengths at operational temperature were clarified as first wall tile material in

JT-60U.  The vacuum properties of the 8Cr-2W-0.2V ferritic steel were investigated and the emission gas level was confirmed almost

same as austenite stainless steel.  The mechanical and vacuum properties of 8Cr-2W-0.2V ferritic steel were validated as the first wall

in JT-60U.
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The European Activation System (EASY) is the tool developed for activation calculations as part of the Fusion Technology

programme. It comprises the EAF nuclear data libraries and the FISPACT inventory code. The version EASY-2005, released last year

contains many more neutron-induced reactions than the previous version; an increase of about a factor of five to 62,637. The reason for

this was the increase in the upper energy limit from 20 to 60 MeV.

A major strand of work within Europe has been the measurement of activation in a series of well-defined neutron spectra, these integral

results can then be used to validate a subset of the EAF-2005 library, demonstrating that it can be relied on for activation predictions in

similar spectra. A validation report has been produced covering 453 reactions; this shows the integral results and the available

differential data from EXFOR for these reactions. For 202 reactions there is good agreement, indicating that the data for the reaction are

adequate. In cases of disagreement the report indicates where additional measurements are required or where the library data can be

improved.

The majority of the data above 20 MeV were obtained from model calculations, and this is also the case for many of the reactions at all

energies. Because of the large number of reactions and the lack of experimental data, there was a need to develop new tools that could

help in the checking of such a large library. Within the SAFEPAQ-II code that is used for evaluation and production of the EAF

libraries, the new methodology of Statistical Analysis of Cross Sections (SACS) has been developed. This enables various quantities

such as maximum cross section (&#61555;max), energy at maximum (Emax) and width at half maximum (&#61508;½) to be plotted as

functions of atomic mass (A) and asymmetry parameter (s) for each type of reaction. Such plots show well defined trends and

inconsistent data for a particular reaction can easily be identified.

Using the integral data and SACS the EAF-2005 library has been examined and 250 reactions identified that contained gross errors.

These have been corrected and a maintenance version, EASY-2005.1 was released at the beginning of this year. The new data libraries

in this release will be described and the progress in further validation and improvement outlined; this work will lead to a new version,

EASY-2007, next year.
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The main type of activation calculations needed for fusion technology deals with the interaction of neutrons with materials. The

roadmap for development of fusion as an electricity producing technology is based on ITER and IFMIF followed by DEMO. IFMIF is

a materials testing facility that will enable materials planned to be used in DEMO to be irradiated to very high fluences, so providing

the database of material properties required for the licensing of DEMO. IFMIF will use intense beams of high energy deuterons striking

a flowing lithium target to produce the neutron field. Although the neutron spectrum is a good match to those produced in a D-T fusion

device, there is a significant high energy tail extending up to 55 MeV.

These high energy neutrons were the motivation for increasing the upper energy limit in the neutron-induced part of EAF-2005 so that

activation calculations could be made in IFMIF. The deuterons themselves will also make a contribution to activation especially in the

target where they strike the lithium but also due to beam losses in the accelerator. It was realised that because of corrosion in the

lithium loop there is the potential for a wide range of elements to be present in the target region and it is therefore necessary to have a

complete library of deuteron-induced cross section data, just as in the neutron case.

A preliminary library based on model calculations with TALYS using global parameters was used to construct a deuteron-induced

library and this was released as part of the maintenance release of EAF-2005.1 at the beginning of this year. This data library has been

used with an updated version of the inventory code FISPACT to calculate the activation in the lithium target due to reactions of the

deuterons with the corrosion products. These calculations show that deuterons are much more important than neutrons (about a factor

of 70) in activating the elements other than lithium. This work shows the importance of the effect and means that the preliminary data

library should be improved. This paper will describe the ongoing work to update the library using improved model calculations and

available experimental data. This new library will form part of EAF-2007 planned for release next year.
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The International Fusion Materials Facility (IFMIF) facility uses a high speed (10-20 m/s) Lithium (Li) jet flow as a target for two 40

MeV / 125 mA deuteron beams. The major function of the Li target is to provide a stable Li jet for the production of an intense neutron

flux.  For the understanding the lithium jet behaviour and elimination of the free-surface flow instabilities a detailed analysis of the Li

jet flow is necessary.

Numerical investigations of the IFMIF Li – Target have been performed with the CFD code Star-CD. A number of turbulence models

were tested on the experimental data obtained at the water jet test facility of the Institute for Physics and Power Engineering (IPPE),

Obninsk, Russia. Calculated and measured velocity profiles and thickness of the flow cross sections have been compared. The most

suitable turbulence models were used for numerical investigations of the IFMIF Li-jet.

For the analysis of the IFMIF Li target 3D models of the nozzle and jet flows have been developed.

In the first part of analyses the nozzle flow effects, such as relaminarization of the accelerated flow, secondary motions and their

influence on the development of the viscous layer and velocity profile have been investigated. Further evaluation of turbulence models

was performed and recommendations for suitable turbulence models are given.

Calculations predict the complete laminarization of the flow at the nozzle outlet for velocities less than 10 m/s.  Within the transition

region of velocities between 10 and 20 m/s calculations show the laminarization only in the first convergent part. In this case the

acceleration dose not suppress secondary flows in the straight part near the nozzle exit.

The second task is devoted to the stability of the Li jet flow. To this end, the influence of the nozzle outlet boundaries, jet curvature

effects, gravity and surface tension on the free surface stability has been analysed. First calculations show, that such factors as gravity

and surface tension have only a minor effect on the stability of the free surface flow.  All turbulence models predict the secondary

vortices near sidewalls, which influence the shape of the flow cross section. The deformation of the velocity profile near the nozzle exit

leads to excessive turbulence production and flow instabilities in this region. The complete analysis of the jet flow behaviour will be

presented in this report.
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Fused silica is a material of interest due to its increasing number of applications in many different technology fields. In thermonuclear

fusion it is a key component in a number of diagnostics of the Safety and Control Systems of the ITER machine as well as in the final

focusing optics of lasers for NIF. 

	Materials properties of interest (optical absorption, radioluminescence, mechanical properties, …) are closely related to the presence of

defects. These defects can be generated directly by irradiation or by the presence of impurities in the material. Hydrogen is an 

ubiquitous impurity in this material and, moreover in a fusion reactor environment this material will be exposed to energetic hydrogen

isotopes. Hydrogen isotopes will be deposited also on the surface of the fused silica components coming from the reaction chamber. On

the other hand, some experimental results show that radiation damage can be different depending on hydrogen content, indicating that a

detailed knowledge of the hydrogen role in fused silica should be fully understood.

      In this work we present molecular dynamics simulations to study the effects of different hydrogen isotopes in this material and their

interaction with the defects. The interatomic potential developed by Feuston and Garofallini will be used in these studies. The diffusion

coefficients and mechanisms of H mobility in fused silica will be calculated and compared with those existing in the literature.
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This reports an experimental study on flow characteristics of a lithium target flow of International Fusion Materials Irradiation Facility

(IFMIF). Surface shapes of the target were tried to measure by pattern projection method that is a three dimensional image

measurement method. Irregularity of the surface shape caused by surface wakes was successfully measured by the method. 

IFMIF liquid lithium target is formed a flat plane jet of 25 mm in depth and 260 mm in width, and flows in a flow velocity range of 10

to 20 m/s. Aim of this study is to develop measurement techniques for monitoring of the target when IFMIF is in operation. The lithium

target flow is high speed jet and the temperature high is more than 500 K. Also, light is not transmitted into liquid metal lithium.

Therefore, almost of all flow measurement techniques developed for water are not used for lithium flow. In this study, pattern

projection method was employed to measure the surface irregularity of the target. In the method, stripe patterns are projected onto the

flow surface. The projected patterns are deformed according the surface shape. Three-dimensional surface shape is measured by

analyzing the deformed patterns recorded using a CCD camera. The method uses the property that lithium dose not transmit visible

lights. 

The experiments were carried out using a lithium loop at Osaka University. In this facility, lithium plane jet of 10 mm in depth and 70

mm width is obtained in the velocity range of less than 15 m/s using a two contractions nozzle. The pattern projection method was used

to measure the amplitude of surface irregularity caused by surface wakes. The surface wakes were generated from small damaged at the

nozzle edge caused by erosion, and those were successfully measured by the method. The measurement results showed the amplitude of

the surface wakes were approximately equal to a size of damage of a nozzle. The amplitude was decreasing with distance to down

stream and with decreasing the flow velocity. The shapes of wave pattern of the wake were studied theoretically. The theoretical shapes

were compared with experimental results and both were agreed well.
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The International Fusion Materials Irradiation Facility (IFMIF) is an accelerator-based intense neutron source simulating fusion neutron

field to test candidates for fusion reactor materials. Neutrons are generated through the reaction of deuteron (D) beam of 40 MeV/125

mA and lithium (Li) as a liquid jet target. A top-level request for the IFMIF is to achieve the availability of 70% or larger, including

scheduled and unscheduled shutdowns, by keeping the annual maintenance within one-month after every eleven-months operation.

A transport behavior of radioactive nuclides, such as beryllium-7 (7Be) and tritium (3H) produced by D-Li reaction and activated

elements corroded from components of the Li loop, is one of key issues relating worker safety at maintenance of the Li loop to derive

the necessary cooling time and local shield. The dominant radioactive nuclide in the Li loop is 7Be with activity of 5x10E+15 Bq under

the equilibrium condition.

The concentration and localization of the 7Be were estimated considering its generation rate in the D-Li interaction zone, decay rate,

solubility in Li and deposition on and diffusion into the component wall under thermal and flow conditions of the IFMIF Li loop. The

soluble concentration of unbounded 7Be in Li was 5x10E-12 in atom ratio at 250 degrees under well-controlled nitrogen (N)

concentration of 10 wppm, and the subsequent D-beam injection increased the 7Be concentration by 20% at every circulation in the

loop under normal operation. Most of the 7Be would form Be3N2 and deposit on the downstream part in a heat exchanger, where the Li

with temperature of 285 degrees at inlet is firstly cooled. Also radiation dose by the deposited 7Be was estimated using a point-kernel

ray-tracing code QAD-CGGP2R considering shielded and non-shielded condition of components of the Li loop. The localized

deposition increased radiation dose near the heat exchanger by one order of magnitude and increased needed thickness of radiation

shield made of lead from 6.5 cm to 8.0 cm. However, this localization reduced weight of the shield from about 40 ton to 10 ton.

This paper presents also measures to control the concentration and localization of the 7Be. The measures include additional trap

component, flush operation and forced deposition. Also maintenance procedure is investigated.
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ITER first wall was designed to consist of the plasma facing armor made of Be, the heat sink layer made of Cu alloys (CuCrZr) and the

supporting plate made of the stainless steels. The joining of the three different materials has been the critical issue in the manufacturing

of ITER first wall. The hot isostatic pressing (HIP) has been considered the most promising joining technology to realize a sufficient

mechanical integrity of a joint under the anticipated high neutron and stress fields. However, the HIP joining of Be to Cu alloys still

have several challenges to be addressed before starting the mass production of the ITER first wall whereas no particular issue was made

on the HIP joining of Cu alloys and the stainless steel. Since the reactivity of Be with Cu alloy would increase and the strength of Cu

alloys is degraded with increase of the HIP temperature, the HIP joining of Be to Cu alloys was proposed to be performed at lower

temperatures than 600oC with a help of the interlayer which can be formed by various method before HIP. In this study, the effects of

the HIP temperature, the HIP pressure and the interlayer have been studied in order to find the optimum joining condition of Be to Cu

alloys. The interlayer materials employed in this study were Cr, Cu, Ti and Al which were coated on the surface of Be before the HIP

joining. The joint specimens consisting of Be and Cu alloys were fabricated by HIP at 100-150 MPa and 550-620C for 2hrs. The

microstructure observation showed that no defect such as pores and cracks was formed in the interface of the joint specimens. The

joining strengths of the joint specimens, which were investigated by use of the four-point bend test and the shear test, was significantly

different depending on the interlayer type. The joint specimen with interlayer of Ti/Cu showed the highest joining strength among the

joint specimens tested. The joining strength increased with increase of the HIP temperature and pressure with more remarkable increase

with HIP temperature from 550oC to 620oC. However, the increase of the HIP temperature gave rise to the decrease of the strength of

the Cu alloys. Based on the results obtained, the joining condition for Be/Cu joint was optimized by taking account of the joining

strength, the properties of the base metal and the economy of the joining process.

362



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: I - Materials Technology

LARGE-EDDY SIMULATION OF TURBULENT FLOW AND HEAT TRANSFER

IN A MILDLY EXPANDED CHANNEL OF IFMIF HIGH FLUX TEST MODULE

(P4-I-151) 

Shinji Ebara, Takehiko Yokomine, Akihiko Shimizu

Interdisciplinary Graduate School of Engineering Sciences, Kyushu University 6-1 Kasugakouen 816-8580 Kasuga Japan

During irradiation test periods in the International Fusion Material Irradiation Facility (IFMIF), irradiated materials must be maintained

at constant temperatures because irradiation characteristics of materials have a large dependency on temperature. In the high flux test

module of the IFMIF, required performances for temperature control using gas-cooling and heater-heating are especially stringent

because available space for temperature control is remarkably restricted due to very small irradiation volume of about 0.5 l. We

proposed an alternative design of the test module with advantages of temperature monitoring and temperature uniformity in specimens.

This design employs a rectangular duct as the vessel to pack capsules housing specimens compactly into the small irradiation volume.

In the vessel the coolant flows between the capsules and vessel wall. In the basic design, both thickness of a vessel wall and a width of

cooling channel are considered as 1.0 mm. Since inside the vessel gaseous helium of several atmospheric pressure flows as a coolant

and a low vacuum environment is kept outside the vessel for safety requirements and thermal stress is foreseen to appear due to nuclear

heating of the vessel itself, the vessel wall is considered to deform readily and this leads expansion of the cooling channels. It is also

considered that a slight expansion of the vessel can have severe influence on the cooling performance due to the initial narrow channel

width of 1.0 mm. Therefore, it is necessary to estimate cooling performances for the coolant flowing in the deformed channel.

We conduct a finite element analysis of turbulent heat transfer in a mildly expanded channel using large-eddy simulation in this study.

In a numerical system, fluid is enclosed by three-dimensionally expanded vessel wall and flat capsule wall, and flows into the system

with a fully developed velocity profile. In this study, we focus not only on the cooling performances but also on change in flow

structure and heat transfer of a channel turbulence with one wall with three-dimensionally mildly concave surface in case that a fully

developed turbulent flow enters in the channel.
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The International Fusion Material Irradiation Facility (IFMIF) will provide an accelerator based intense neutron source with a white

spectrum extending up to 55 MeV for high fluence irradiations of fusion reactor candidate materials. Numerous computational efforts

have been undertaken so far to simulate the IFMIF neutron source and to predict the spectral neutron fluxes and nuclear responses in

the specimens and other components located inside the test cell. During IFMIF operation experimental methods will be needed to

measure and monitor the neutron flux and to validate the computational tools and data developed for the neutronics predictions. 

This work proposes to use the activation foil method for the neutron spectrum determination in the IFMIF facility. This method was

elaborated and applied mainly for fission reactors using rather well established dosimetry reaction cross sections up to 14-20 MeV. For

application in high energy neutron fields we selected suitable elements and dosimetry reactions having thresholds and effective cross

sections covering the whole IFMIF energy range up to 55 MeV. The available evaluated nuclear data libraries and experimental data

were carefully screened to select appropriate dosimetry cross sections with uncertainties as low as possible. For the determination of the

neutron spectra from the induced &#947;-activities the unfolding code SAND-II was applied after having it modified for the use of the

selected dosimetry cross sections above 20 MeV.

This approach was tested by measuring the white neutron spectrum at the cyclotron of Nuclear Physics Institute (&#344;ež), where

neutrons up to 35 MeV energy were generated by a 37 MeV proton beam impinging on a heavy water target.

The paper concludes with recommendations for the procedure for determining the neutron energy differential flux in the IFMIF test cell

with respect to the size of the dosimetry foils, the irradiation time and the expected induced activities.
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The International Fusion Materials Irradiation Facility (IFMIF) is an accelerator-driven intense neutron source where fusion reactor

candidate materials will be tested. The neutron flux is produced by means of a deuteron beam (current 250mA, energy 40MeV) that

strikes a liquid lithium target circulating in a lithium loop. The support on which the liquid lithium flows, i.e. the back-plate, is the most

heavily exposed component to neutron flux. 

A “bayonet” concept solution for the back-plate was proposed by ENEA with the objectives of improving the back-plate reliability and

simplifying the remote handling procedures. On the base of this concept, a back-plate mock-up was fabricated and validated. Starting

from the findings of the mock up design, a back-plate design integration exercise was carried out in order to check if the back-plate

geometrical features are compatible with the target assembly and the Vertical Test Assemblies (VTA). The work carried out has

demonstrated that even with the changes operated for the design integration (increase of in-plane dimensions and reduction of

thickness) the bayonet concept is able to guarantee a tight connection to the target assembly. 

A thermo-mechanical analysis of the back-plate has been carried out by means of ABAQUS code. The thermal load used as input for

the calculations, i.e. the neutron heat generation, has been estimated by means of  Monte Carlo Mc-Delicious code. The two boundary

constraint cases (full and minimum contact with target assembly) considered for each back-plate geometry option represent the extreme

cases of the real operating condition of the plate. The influence of the contact heat exchange coefficient and the back-plate thickness

has been also evaluated. For all these reasons, the results of the analysis can be considered as the domain of variability of the real

working conditions. The  results show that AISI 316L steel is not suitable as black-plate material: the stress induced in the plate, in

every configuration of constraints and back-plate geometry, exceed those admissible according to ASME standard. Conversely, both

the F82H and the T91 steels satisfy ASME requirements. A thin plate solution appears preferable both for the stresses and the

maximum displacements. The profile deformation of the liquid lithium is small (<0.5 mm) and qualitatively similar in the different

boundary cases; their effect on the lithium flow stability is expected to be modest.
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Many components of ITER will consist of various combinations of joints between armor materials and Cu alloy heat sinks, e.g.: Be/Cu,

W/Cu, SS/Cu and CFC/Cu joints. For CFC/Cu joints several technologies have been developed and studied such like active metal

casting technology, which includes special laser treatment of the CFC surface followed by casting of pure Cu into CFC or brazing with

silver-free alloys such as CuMn and CuSiAlTi. In both cases wettability is a crucial problem.

The key concept of the present work relies upon replacing the laser treatment of ceramic by applying, either individually or in a

sequence, the following steps. One step consists in applying a high intensity plasma pulse (HIPP) in DPE mode (deposition by pulse

erosion) (I) This step deposits a titanium layer about 10-20 nm thick on the ceramic. The temperature of ceramic surface in this step

exceeds the melting point of titanium. In another step Ti layer 2-3 &#956;m thick is deposited by Arc PVD technique (II). The

conditions of the experiments were as follows:

1. Substrates: glassy carbon, pyrolytic graphite, C/C composite and SiC (all supplied by GOODFELLOW).

2. HIPPB process (I): electrodes - Ti rods, 3 different working gases- H2, N2, Ar, pulse duration - about 1 &#956;s, energy density -

5-7 J/cm2, number of pulses - 5.

3. Arc PVD process (II): cathode - Ti, arc current - 70 A, bias - +100V, deposition rate - 10 &#956;m/h, chamber pressure - 7x10-3 Pa.

4. Wetting test: strip of Cu foil of 3x2x0.5 mm positioned on the substrate processed by I, II and I+II procedures, heated up to 1100°C

in a conveyor type furnace with nitrogen flow of 60 l/min, for about 10 min.

The main results can be summarized as follows:

1. The sequence of the working gases in DPE process from best to worst wetting was: N2, H2, Ar.

2. The preliminary tests show that more beneficial results can be obtained for greater energy densities of DPE pulses.

3. The distribution of the best wettability (20°-50° wetting angle) is roughly as follows: procedure I - 15%, procedure II - 15% and

double procedure I+II - 70%.

4. From the point of view of wettability, none of the used substrate showed any advantage with respect to the other.

Further experiments are in progress.
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Ceramic insulators will be used in the construction of ITER as part of the heating beam, current drives and diagnostic systems. These

insulators will suffer non-negligible electrical degradations due to significant neutron fluence and high temperature conditions. Other

diagnostic systems such as bolometers, pressure gauges, as well as mirrors and windows, will have to withstand the harsh conditions of

the first wall, divertor and blanket positions. Both the nature and the amplitude of the degradation phenomena depend on the

combination of high temperature, neutron/gamma irradiation and vacuum. It is therefore of paramount importance to control these

environmental parameters if we want to determine accurately the threshold behaviour and the exact extend of these radiation-induced

degradations.

To be able to assess the different diagnostic systems and materials in representative environments, we designed a multi-purpose

irradiation facility that can fit into any irradiation channel of the BR2 reactor (Mol, Belgium). The device allows temperatures in the

100-500°C range to be controlled in-situ, simultaneously with an active vacuum and with the possibility to apply high bias voltages

during the test. The facility consists in an in-pile section (IPS) supporting a removable irradiation basket and an out-of-pile section

(OPS) controlling the environmental parameters. The irradiation basket can be removed and reloaded with new targets of different sizes

for several irradiation cycles. Typical lead length between irradiation section and data acquisition unit is 25 meters. A turbo-molecular

pump controls the vacuum up to 10-2 mbar. The rig can also operate under dry air or helium atmosphere up to 15 bars. The temperature

is actively controlled by means of heating elements, and a water cooling system will be added in the future.  The bias voltage applied

on the targets can vary from 1 V to 300 V.

To illustrate the performance of this new irradiation facility, we report on the testing of sapphire to study the radiation-induced

electrical degradation (RIED) when irradiated in conditions representative of ITER. A measurement accuracy of the leakage current

better than 5 pA with a resolution of 3 pA could be achieved. The sapphire samples were subject to a temperature varying from 300°C

to 350°C under an active vacuum of 10-2 mbar and a bias voltage of 150 V. The results were compared to a similar irradiation under

helium up to a value of 10-4 dpa. The influence of the environmental parameters on the electrical degradation response of the samples

will be discussed in the full paper, together with a detailed description of the irradiation rig capabilities.
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The actively cooled target plates in the divertor of ITER will be subjected to high thermal fluxes (~ 10 MW/m2). These target plates are

compound structures of an armour material at the surface – either carbon fibre reinforced carbon (CFC) or tungsten – and a water

cooled CuCrZr structure inside or below. The thermal limit of  the interface between the two materials must not exceed 550°C.

Therefore, the temperature must be carefully monitored to prevent structural damages of the divertor plates. Non contact measurements

of the temperature offer the advantage to avoid weakening of the cooling plate structure which is already quite complex to manufacture.

Infrared thermography of the target surface is therefore considered as a possible solution. Recently a diagnostic concept for spectrally

resolved ITER divertor thermography using optical fibres has been proposed  by CEA-Cadarache [1]. However, the divertor region will

have to face high-radiation flux and the radiation-resistance of InfraRed (IR)-fibres must be evaluated.

In collaboration with CEA-Cadarache, an irradiation program has been started at SCK&#61655;CEN (Mol, Belgium) with the aim to

measure the radiation-induced absorption of different IR fibre candidates operating in the 1-5 µm range. We selected various

commercially available IR technologies: ZrF4, Hollow-Waveguide, Sapphire and Chalcogenide. For wavelengths below 2 µm we also

tested low-OH silica fibres.

We carried out a gamma irradiation at a maximum dose-rate of 0.42 Gy/s up to a total dose of about 5000 Gy. We showed that the

optical transmission of ZrF4 fibres strongly decreased under gamma radiation, primarily for wavelengths below 2 µm. In this type of

fibre typical optical losses can reach 50 % at 5000 Gy around 3 µm. Nevertheless, the optical transmission can be significantly

recovered by performing a thermal annealing treatment at a temperature of 100°C. 

We also irradiated a Silver-coated hollow waveguide fibre at the same dose-rate but up to 25 kGy. Still at this total dose, we did not

observe significant change in the optical transmission due to radiation. From the point of view of radiation hardness, this fibre appears

to be promising for thermography applications but several intrinsic shortcomings, mainly its high intrinsic absorption (~ 1 dB/m ) and

strong optical sensitivity regarding the bending radius, limit the applicability of this technology.

Further irradiation tests are currently in progress to evaluate the radiation resistance of sapphire and chalcogenide fibres. At the time of

the conference, we will compare the radiation resistance of all these IR fibres. For the time being, we conclude that zirconium fibres

could be used in the 3-4 µm region if the radiation flux does not exceed 1 Gy/s and if the fibre is simultaneously heated around 100°C.

For wavelength above 3 µm, hollow fibres appears to be a good candidate but for short fibre length only.
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The demanding neutronic environment in a future fusion power plant will require a thorough understanding of the mechanisms at work

in producing displacement damage, their magnitudes, and their affects on the material and its properties. A pre-requisite is to have a

precise understanding of the Primary Knock-on Atom (PKA) energy spectra caused by 14.1 MeV fusion neutrons in order to have a

good foundation for a quantitative understanding of the damage driving phenomena produced as a result of neutron encounters. At the

higher neutron energies involved in fusion compared to fission, inelastic collisions become much more significant. This adds to the

complexity of estimates of the deposited energy. A Monte-Carlo transport code (MCNP5) has been adapted to provide neutron induced

PKA energy spectra for both elastic and inelastic neutron collisions. 

The Norgett-Robinson-Torrens modification to the Kinchin-Pease model of atomic displacements allows a convenient normalisation

measure, the dpa (displacements per atom), resulting from elastic neutron encounters to be calculated directly, and this has been

benchmarked against nuclear response data libraries. Note that the dpa is not a measure of the residual crystal lattice defects actually

created in a material, but rather a measure of the ‘displacement energy’ deposited in a material by the irradiating particle, in terms of

how many atoms could possibly be permanently displaced from their lattice sites to stable interstitial positions by this displacement

energy. Application of this work to models of the Power Plant Conceptual Study shows that the contributions to the dpa measure from

inelastic collisions are at least equal to those resulting from a consideration of the standard elastic NRT dpa model alone. This has

implications for the way the dpa measure is used, for instance in terms of the He/dpa ratio.
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The superimposed effect of irradiation-induced hardening by small defects (clusters, dislocation loops) and chromium-rich &#61537;`-

precipitate formations on tensile ductility and Charpy-impact behaviour of various ferritic-martensitic (7-13)CrWVTa(Ti)-RAFM steels

have been examined by micro-mechanical deformation and ductile/dynamic fracture models. Analytical relations have been deduced

describing irradiation-induced changes of  uniform ductility and fracture strain  as well as ductile-to-brittle transition temperature

DBTT and ductile upper shelf energy USE observed from impact tests. The models apply work-hardening  with competitive action of

relevant dislocation multiplication and annihilation reactions. The impact model takes into account  stress intensity with local plasticity

and fracture within the damage zone of main crack. Especially, the influences of radiation-induced changes in ductile and dynamic

fracture stresses  have  been considered together with effects from strain rate sensitivity of strength  0 &#61603;

m=&#61540;ln&#61555;y/&#61540;ln&#61541;`&#61603; 1, &#61537;`- precipitate morphology as mean  size dp and volume

fraction fv as well as deformation temperature and strain rate &#61541;`. For these, particularly the correlation between  tensile

ductility  and impact properties  have been examined.

Strengthening by  clusters and  loops generally reduces uniform ductility, and more stronger fracture strain  as well as ductile upper

shelf energy USE and additionally  increases DBTT  for constant fracture stresses. A superimposed precipitation hardening by

&#61537;`- formation of  dp&#61504;3-6 nm, fv<0.01 as especially observed in higher chromium containing 10-12Cr steels at higher

irradiation doses strongly reduces further fracture strain and toughness USE and increases DBTT. However, uniform ductility is

increased more pronounced at an optimum particle size dp* which remains independent on strain rate sensitivity m. This optimum

dp*>6 nm, which clear above the shearable limit of coherent &#61537;`-precipitates increases with increasing fraction fv and but

strongly reduces with  increasing  matrix strength  due to full martensitic structure, higher C, N alloying contents and  pronounced 

hardening by irradiation-induced cluster and loop formations. A combined  increase of  fracture stresses due to irradiation-induced

changes of the grain boundary structure diminishes the strength-induced increase in DBTT and more stronger the reduction of

toughness  USE. As the model-assisted analyse of data observed on various RAFM steels at &#61603;60 dpa have shown, the

comparably weaker normalised toughness reductions U=&#61508;USE/USEo at lower irradiation temperatures of

TI&#61504;100–300°C are caused mainly by strain-induced fracture appearance. The  superimposed &#61537;`- formation in

10-12CrMoVNb steels strongly  increases DBTT and particularly also the normalised toughness reduction U due to pronounced work

hardening  in connection with evident reductions of ductile and dynamic fracture stresses. The DBTT generally increases with

decreasing uniform ductility more stronger at smaller &#61537;`- precipitate  sizes and weaker initial hardening. Dynamic toughness

USE otherwise increases with increasing fracture strain and uniform ductility indicating that these are qualitative similar properties.

The obtained analytical and numerical results are especially used for analyses of   experimental results of ductility and Charpy-impact

properties obtained from 10-12CrMoVNb and (7-9)CrWVTa(Ti)-RAFM steels including Eurofer`97 below 60 dpa at TI=100-500°C.

Additionally, the possible methods for extrapolating ductility and toughness data to high doses will be considered including the effect

of oxide dispersion hardening in ODS-RAFM steels.
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Oxide dispersion strengthened (ODS) ferritic / martensitic (F/M) steels appear to be promising candidates for the future fusion reactor.

Their inherent properties, good thermal conductivity, swelling resistance and low radiation damage accumulation, deriving from the

base material EUROFER 97, are further enhanced by the presence of the fine dispersion of oxide particles. They would allow in

principle for a higher operating temperature of the fusion reactor, which improves its thermal efficiency. In effect, their strength

remains higher than the base material with increasing temperature. Their creep properties are also improved relatively to the base

material. It is the pinning of dislocations at dispersed oxide particles that helps to improve the high temperature mechanical properties.

EUROFER97 is a reduced activation F/M steel, whose chemical composition is 8.9 wt. % Cr, 1.1 wt. % W, 0.47 wt. % Mn, 0.2 wt. %

V, 0.14 wt. % Ta and 0.11 wt. % C and Fe for the balance. 

A new ODS F/M steel based on EUROFER 97 is developed with the strengthening material as Y2O3 maintained at 0.3wt% based on

our past experience. The ODS powder is produced by a different powder metallurgy route. The Eurofer 97 atomized powder with

particle sizes around 45µm is ball milled in argon atmosphere in a planetary ball mill together with yttria particles with sizes about 10 to

30 nm. The milled powders are now canned in a steel container. They are degassed at 450°C for 3 hours under a vacuum of 10-5 mbar.

The canned sample is sealed in vacuum and finally compacted by hot isostatic pressing (HIP) in argon atmosphere under a pressure of

180 MPa at 1000°C for 1 hour. Electron microscopy and X-ray diffraction observations are done at regular intervals during ball milling

to identify changes in the particle and crystallite size and in particular with the solubility of yttria in the matrix. Further, The

microstructure and mechanical properties of final compacted material is assessed. The size, shape and spatial distribution of dispersed

oxide particles are determined. 

The aim is to optimize the processing parameters: 1) Milling time, to reduce contamination while allowing for proper alloying. 2)

Compaction temperature to maintain single phase and to achieve highest desnity. Relationship between the mechanical and

microstructural properties will be established and compared to EUROFER97. The obtained results are presented here.

371



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: I - Materials Technology

Damage in Fe using Kinetic Montecarlo and Dislocation Dynamics (P4-I-283) 

E. Martínez(1), Linarejos Gamez(2), P. Cepas(3), J.M. Perlado(3), M. Victoria(3), M.J. Caturla(4), J. Mariam(1), M.

Hernández(5), D. Gómez(5)

1. Lawrence Livermore National Laboratory, LLNL CA 94550 Livermore USA
2. Universidad Politécnica de Madrid, Departamento de Ingeniería Nuclear C/José Gutiérrez Abascal, 2 28006 Madrid Spain
3. Instituto de Fusión Nuclear, DENIM, UPM José Gutierrez Abascal, 2 28006 Madrid Spain
4. Departamento de Física Aplicada Universidad de Alicante  Alicante Spain
5. CIEMAT, FUSION Avenida Complutense 22 28040 MADRID SPAIN

Ferritic steels (FeCr based alloys) are key materials in order to fulfill the requirements expected in future nuclear fusion facilities both

magnetic and inertial confinement. Research in such field is actually a critical aspect in the European research program and abroad.

Experimental and Multiscale Simulation methodologies are going hand by hand in increasing the knowledge of their performance. We

at DENIM are progressing in some specific part of the well-linked simulation methodology both defects energetic and diffusion, and

dislocation dynamics. Using improved Kinetic Montecarlo BIGMAC code with last implemented parameters from ab-initio studies we

reproduce experiments of 150 keV Fe+ ion irradiation in UHP-Fe.  Those simulations were performed using new activation energies for

the diffusion of interstitial effects and a random 3D movement. New vacancy’s migration energies for 3-4 vacancy clusters and last

ab-initio diffusion parameters for impurities were also implemented. Results were compared to experiments carried out at CIEMAT,

and deep differences between old and new parameters and between simulations and experiments were observed. 

New simulations have been performed to study Fe-&#61537;, pure and with C-impurities. The aim is to solve with different sets of

experimental data the differences previously reported between simulations and experiments. We are also using neutron irradiation

results [1] together with a full set of irradiation performed under REVE project at SCK-Mol and analyzed at CIEMAT.

Results on Eldrup experiments have been simulated with many different conditions of simulation using modified ad-hoc BIGMAC, and

a significant agreement has been found for some of the parameterization and mechanisms considered. Concerning neutron irradiation

under REVE, a complete modeling from neutron interaction to defects evolution in the materials has been implemented. That procedure

includes linked consideration of PKA spectra ranges, cascades formation from Molecular Dynamics and finally evolution by kinetic

MonteCarlo.

Some results on fcc based materials on the use of Dislocation Dynamics for studying defect formation and interaction with dislocations

will also be presented.

[1] M. Eldrup, B.N. Singh, S.J. Zinkle, T.S.Byun, K. Farell, J. Nucl. Mat. 307-311 (2002) 912-17
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This paper reports an experimental study on flow characteristics of lithium target flow of International Fusion Materials Irradiation

Facility (IFMIF). Free surface fluctuations of the liquid lithium flow were directly measured by using an electro-contact probe. As a

result, it was found that the flow amplitude grew with increase of the flow velocity, and reached 2.2mm at 15 m/s.

	In the current design of IFMIF, the shape of the lithium target is considered to be 25mm in depth and 260mm in width, and a range of

the flow velocity is 10 to 20m/s. The target flow has to be stable and the free surface is necessary to be smooth in vacuum.

	It is important to know fluctuations of the free surface of the liquid lithium target in estimating the flux of neutrons generated, and it is

necessary to experimentally grasp variations of the target thickness and the amplitude of surface waves. But, fluctuations of the free

surface have never been measured in detail. That results from the fact that it is difficult or impossible to apply the method which has

been used mainly for water on a liquid metal. Aim of this study is to investigate the target thickness and the amplitude of surface waves

in details by using an electro-contact probe.

	The experiments were carried out by using a lithium loop apparatus at Osaka University. The test section of the lithium loop consists

of honeycomb and perforated plates, a two-stage contraction nozzle, and a flow channel of 70 mm in width. Lithium jet flows in the flat

plane shape of 10 mm in depth and 70mm in width. The channel is placed horizontally. The nozzle consists of two contractions section

whose ratios are 4 and 2.5, respectively. The electro-contact probe was placed at 175mm downstream from the nozzle exit. The

existence or the nonexistence of the lithium surface corresponding to the position of the probe tip can be measured when the surface

and the tip contact. The probe was moved in a vertical direction to the lithium flow by 0.1mm step. These experiments were done under

argon gas atmosphere of 0.13MPa, in a velocity range of 1 - 15 m/s, and at 573K. As the results of measurements, it was found that the

amplitude of surface waves at 15 m/s was 2.2mm at the center of the flow channel, and the average thickness at 15 m/s was 10.13mm at

same position which is almost equal to the still-water surface.
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The large fluxes of neutrons in the materials of a fusion device during operation produce activation that is relevant to operational safety

and decommissioning. Nuclides with a broad range of half-lives have to be included in the corresponding analyses. The activity with

decay times ranging from the order of magnitude of minutes to weeks is of interest with respect to heat production and shut-down dose

rates, whereas the long-term activity determines the waste management. The activity is mainly produced by two components of the

neutron flux spectrum, by thermal neutrons and by the 14-MeV D-T fusion neutrons. Analyses of the material activation rely on

calculations with inventory codes and libraries containing activation and decay data. To gain trust in the results of such calculations

data and codes have to be validated experimentally.

In the present work, the European Activation System (EASY, inventory code FISPACT and data library EAF) was tested in benchmark

experiments on Lanthanum, Erbium and Tantalum. They are constituents of fusion reactor structural materials such as EUROFER and

insulating coatings for liquid breeder systems.  

 

Small samples of the materials were irradiated in a D-T neutron field. The gamma-radioactivity following irradiation was measured

several times during decay and nuclide activities were derived. For each of the measured activities the corresponding value was

calculated with EASY, and the calculated-to-experimental ratios (C/E) were determined. The nuclear reactions producing the activities

were also analysed.

The C/E ratios obtained for the individual activities will be used for discussing the activation performance and the contact dose rate of

the materials at fusion power plant conditions.

374



24th Symposium on Fusion Technology

11 - 15 September 2006 - Palace of Culture and Science, Warsaw, Poland

TOPIC: I - Materials Technology

Radiation effects on optical and electrical properties of diamond (P4-I-308) 

Alejandro Moroño, S.M. Gonzalez de Vicente, E.R. Hodgson

CIEMAT, FUSION Avenida Complutense 22 28040 MADRID SPAIN

CVD diamond is the prime candidate material for use as windows in the ITER ECRH system, and could also be used as transmission

component in ECE diagnostics. Hence dielectric behaviour, electrical conductivity, radioluminescence, and optical absorption are

important properties for the use of this material. Particularly important for ECRH use are the dielectric properties and thermal

conductivity, however electrical conductivity is also an important factor. During operation in ITER and future fusion reactors the

window will be subjected to neutron and gamma radiation and also to bombardment by energetic ions produced by sputtering and

residual gas ionization. Such bombardment could degrade the surface electrical resistivity of the material, thus increasing the

microwave absorption and may provoke window failure due to thermal strain. In the case of use for ECE diagnostics the main issues

are absorption and radiloluminescence. Radioluminescence is produced by excitation of defects which are in the material before

irradiation or defects generated by the radiation itself. Hence radioluminescence in additon to being a problem, may serve as a way to

monitor production of defects during irradiation.

CVD diamond was electron irradiated in the beam line of a 2 MeV Van de Graaff accelerator, and radioluminescence from 200 to 800

nm was measured at a dose rate of 700 Gy/s at room temperature. In order to assess possible surface electrical degradation a CVD

diamond sample was implanted with 54 keV He+ at 50 C up to a dose of 1017 ions/cm2. Two gold electrodes placed on the implanted

surface permitted the surface electrical conductivity to be measured during implantation. After implantation the electrical conductivity

was measured as a function of temperature from 20 to 450 C. 

Intense radioluminescence bands associated with nitrogen aggregates and carbon vacancies are observed from the onset of irradiation.

Radioluminescence intensity decreases with irradiation dose probably due to radiation damage induced quenching. In the case of the

helium implanted sample an enormous increase in electrical conductivity occurs after implantation (surface resistance lower than 1000

ohms  at 50 C was measured). The  implanted area became completely black indicating a high susceptibility to amorphization or

graphitization for diamond when subjected to particle bombardment.
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Oxides will be used in ITER in heating and current drive and also diagnostic systems where they will play important roles as electrical

insulators and optical components. These materials will be subjected to neutron and gamma irradiation, and additionally to

bombardment by low energy ions and neutral particles. These low energy particles will deposit most of their energy at or very near the

surface and hence the local damage and/or degradation of the physical properties at the vacuum surface could be very high. Previous

work has shown severe electrical and optical degradation with a marked temperature dependence. In this work, the dependence on ion

mass, energy, and dose rate, together with the evolution of electrical degradation as a function of ion dose will be presented. 

KS-4V (SiO2) samples, 10x10x0.9 mm3 in size, were implanted with low mass ions at different energies and dose rates. To compare

different low mass ions, the samples were implanted with 54 keV He+, H+, H2+ and D+ at 50 ºC up to a dose of 1017 ions/cm2. In

analogous way, to compare different energy ions, the samples were implanted with 27 and 54 keV helium at 50 ºC up to a dose of 1017

ions/cm2 . And finally, to compare different dose rates the samples were implanted with 54 keV helium at 450 ºC up to doses of 1017

ions/cm2 and 1018 ions/cm2, at 0.5 mA and 5 mA respectively. 

The degradation curves (surface electrical conductivity as a function of ion dose) exhibit two separate stages: an initial rapid electrical

degradation during the first stage, followed by a second stage where the rate of degradation is much more moderate. The SiO2 surface

electrical degradation depends strongly on the implanted particle energy. The electrical conductivity degradation is higher for the

higher energy. Initially, for low dose, the dependence on ion energy is less marked. However, for higher dose the trend to saturation

occurs much more rapidly for the lower energy implantation.  A clear dependence on ion mass has been observed, with the degradation

occuring much more rapidly for heavier ions. No dependence on dose rate was observed implying that the fundamental processes

related to surface electrical degradation must take place on a very short time scale.
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Development of ceramic coatings at inner wall of duct tubing is strongly required for self-cooled Li/V-alloy blanket concept to reduce

magneto-hydrodynamics (MHD) pressure drop. In our previous study, Er2O3 coatings fabricated by PVD method shows high electrical

resistance and high compatibility with liquid lithium. In-situ formation of Er2O3 coatings was also explored to show oxygen in the V

alloy substrate and Er dissolved in lithium could react to form thin Er2O3 layer at the interface. In this study, feasibility of self-healing

of Er2O3 coating is explored by observing its in-situ formation at cracks on the coatings fabricated by PVD method.

V-4Cr-4Ti substrates were oxidized and annealed to introduce proper amount of oxygen into the substrate. Er2O3 coatings were

deposited on these substrates at room temperature (R.T.) and 873 K. The coatings deposited at 873 K had peeled off at most area. On

the contrary, the coatings deposited at R.T. were uniformly flat. After introducing cracks on Er2O3 coatings by heating, the samples

were exposed in lithium doped with Er at 873-973 K for 100-200 h to heal the cracks. At the large peeled-off area, no in-situ formation

was observed, while small cracks were healed.

To ascertain mechanism of peel-off and healing, depth profiles of elements in Er2O3 coatings were analyzed by X-ray photoelectron

spectroscopy (XPS) with Ar sputtering. The heating during or after deposition contributed to form Er-V-O intermediate layer between

the coating and the substrate. It was suggested that Er-V-O layer were formed by taking oxygen from substrate in case of oxidized

substrates as well. It is considered Er-V-O layer itself has been peeled off and substrate without oxygen was remained on the surface,

and therefore in-situ formation had not been observed at peeled-off area. At the small cracks which have healed, it is considered the

oxygen was supplied from Er-V-O layer from the remained coatings at surroundings. Thus, oxygen supply in the system is a key

investigation point to control the healing of cracks on Er2O3 coating at Li/V alloy blanket.
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Ceramic insulators and windows in ITER will be subjected to bombardment by energetic hydrogen isotopes and helium as a

consequence of ionization of the residual gas by gamma radiation and acceleration of the ions by the local electric fields. Most of the

energy carried by these particles will be deposited at or very near the surface giving rise to possible electrical and optical degradation.

Severe surface electrical degradation has recently been observed when oxide materials are implanted to low doses (1015  ions/cm2)

with protons and alpha particles at temperatures between 50 and 450 C. In order to estimate the relevance to fusion applications and

hence the lifetime of ceramic insulators in ITER it is necessary to quantify possible ion currents generated in the residual gas by

measuring radiation induced electrical conductivity for hydrogen isotopes and helium gases at low pressures and then perform

experiments in which ceramic candidate materials are subjected to ion bombardment at representative currents and energies.

To determine the magnitude of radiation generated ion currents, experiments have been carried out in a special gas chamber mounted in

the beam line of a 2 MeV Van de Graaff electron accelerator, with the gases being irradiated through an 0.05x10-3 m thick aluminium

window with 1.8 MeV electrons. A guarded volume was defined between two parallel square copper plate electrodes separated by

1.5x10-2 m. The experimental set-up permitted an electric field to be applied to the irradiated volume of gas, and the electric current

flowing through the ionized gas to be measured. For these experiments the radiation beam was perpendicular to the electric field

direction.  In this way radiation induced conductivity for  helium and  hydrogen has been measured at pressures between about 1000

and 10-3 mbar (105 to 10-1 Pa), radiation dose rates of 30  Gy/s and applied voltages up to 1500 volts.

The radiation induced electrical currents for low pressure helium and hydrogen exhibit a complex dependence on pressure and voltage.

The results obtained in this work indicate that the surface of electrical insulators in a fusion reactor may be subjected to a bombardment

flux of ions of the order of 1 nA/(Gy cm2) for a local pressure of 10-3 mbar. At this flux if the ions gain sufficient energy, rapid surface

electrical degradation on the vacuum face of the insulators will occur.
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In magnetic confined fusion reactors, low Z materials like graphite are used as plasma facing components. Silicon carbide (SiC) is also

a low Z material and has been selected as a candidate for plasma facing materials and structural components for future fusion reactors

due to its minimal activation, good thermal conductivity, low radiation loss and high chemical stability. To elucidate hydrogen isotope

behaviors in SiC under fusion environment, the interaction between damaged structures produced by high energy particles irradiation

like helium or neutron, and hydrogen isotopes should be understood, and hydrogen retention behavior and chemical behaviors of SiC

have to be clarified.

In our preivous studies, the hydrogen isotopes retentions and replacement in pure-SiC were studied by the elastic recoil detection

(ERD) technique. Trapping and detrapping mechanisms of hydrogen isotopes in SiC have been also elucidated by X-ray Photoelectron

Spectroscopy (XPS) and Thermal Desorption Spectroscopy (TDS) and it concluded that the damaged structure would make a large

effect on the hydrogen isotopes retention.

In the present study, we focused on temperature dependence on hydrogen isotopes retention and their behavior in SiC. The deuterium

ion irradiation was performed under room temperature, 800 K and 900 K, and deuterium retention was evaluated by TDS. Helium

pre-implantation was also performed to evaluate the contribution of damaged strucutures for hydrogen trapping in SiC. It was found

that the deuterium retention at 800 K decreased less than half compared to that at room temperature. The deuterium retention in helium

ion pre-implanted SiC was decreased compared to that for pure SiC at both of room temperature and 800 K. However, at 900 K, both

deuterium retentions were almost the same. These facts indicate that the damaged structures introduced by helium ion pre-implanted

were almost recovered and implanted helium was not also remained in SiC. In the presentation, chemical structures of SiC evaluated by

XPS will be also shown and temperature dependence on hydrogen isotope behaviors in pure SiC and helium pre-implanted SiC will be

discussed.
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Radiation damage in hexagonal-close-packed (hcp) metals is different from face-centred cubic (fcc) or body-centred (bcc) metals. The

experimental study of point defect clustering in hcp metals is dominated by a consideration of the geometry of the hcp lattice and lattice

parameters ratio (c/a). Because of this crystallographic anisotropy, defect anisotropic diffusion is expected, that is jump distances and

jump rates depend on jump directions. We have studied irradiation of hcp &#945;-Zirconium under different conditions with a kinetic

Monte Carlo model. The initial cascade damage from Molecular Dynamics simulations produced by recoils of 25 keV energies at 600K

which is the operation temperature of the reactor have been followed for times of hours. The evolution of the microstructure under

irradiation conditions of dose rate of 10-6 dpa/s and 600K has been studied until a final dose of 0.4 dpa. Using these calculations as the

starting point we have compared them studying the influence of several parameters as dose rate, simulation box, grain size, bias and

mobility of interstitials in the accumulation results. &#945;-Zirconium results are an example

for other, fusion relevant functional materials with hcp

structure, like beryllium and titanium.
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The goal of the European Integrated Project “ExtreMat” is to provide and to industrialize new materials and their compounds for

applications in extreme environments that are beyond reach with incremental materials development only. 

The R&D activities in this project aim to provide

a)	self-passivating protection materials for sensitive structures operated in physico-chemically aggressive environments at high

temperatures;

b)	new heat sink materials with the capability of very efficient heat removal, often at very high temperature level;

c)	radiation resistant materials for very high operation temperatures;

d)	new processing routes for complex heterogeneous compounds that can be operated in extreme environments. 

Key applications for these new materials are in the sectors of fusion, advanced fission, space, and electronic applications. Further use of

these materials is expected in spin-off fields, such as brake applications and energy conversion.  

The project started in December 2004 for a duration of five years and is supported by the European Community. The 37 project

participants are from 13 EU member states and include 6 universities, 7 research institutes, 10 research centres and 14 industrial

companies. 

Research results regarding the development of materials for application in nuclear fusion, especially on protection, heat sink, and

radiation resistant materials will be presented. A view to other applications of these materials in the fields of fission, space and

electronics will be given in the presentation.

ExtreMat Project Partners: see http://www.extremat.org/
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The 1MV bushing for the ITER Neutral Beam (NB) Injector is composed of a stack of five external insulator rings made of fibre

reinforced plastic and five internal insulator rings made of ceramic material brazed to metal plates. The fabrication of large ceramic

rings having an outer diameter of about 1.6 m and brazed to metal plates is a technological challenge for the present knowledge,

capabilities and production lines of manufacturers. R&D activities are going on in Japan and have been carried out in Europe to identify

materials and manufacturing processes that could be used to obtain safe and reliable components at reasonable costs. Two alternative

materials are compatible with high vacuum, radiation environment and insulation requirements in ITER NB 1MV bushing: high purity

alumina ASTM grade A456 or magnesium silicate C221 steatite EN 60672.

Aim of the European R&D was to demonstrate feasibility and reliability of insulator rings made of C221 steatite, the cheaper material,

with an alternative fabrication technique that could allow manufacturing large rings by “wet joint” of small sectors, so avoiding the

construction of expensive production lines dedicated to such peculiar and large insulator rings. Wet joining of C221 straight samples

was successfully achieved, while the qualification of materials and processes to braze C221 small rings (outer diameter 240 mm) to

metal (titanium alloy) plates was not completed due to failure of the ring during the cooling phase of the brazing cycle.

Along with the outcome of these tests, the paper reports the main results of the thermo-mechanical analyses that were carried out to

calculate thermal stresses and failure probabilities of the insulator ring and of alternative design solutions, highlighting the influence of

many design parameters on failure probability and residual stresses at room temperature. Then the paper deals with the optimization of

the insulator ring design, aiming at reducing failure probability during brazing process and limiting residual stresses and deformations

at room temperature. Scaling laws of residual thermal stresses and failure probabilities with ring radius variations are also presented.

These diagrams give useful information about the significance of future test results attainable on smaller rings during next R&D phases.

Guidelines and recommendations for future R&D and the necessary materials qualification are finally presented in the paper.
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Development of reactor materials and blankets is a critical issue for early realization of fusion energy. A reduced-activation

ferritic/martensitic steel, JLF-1, is considered as one of the candidate alloys for the first wall application of fusion reactor.

In this paper, the low cycle fatigue (LCF) properties of JLF-1 steel were studied from room temperature (RT) to 873K in a vacuum

condition using engineering size cylinder specimens with 8 mm in diameter. 

The fatigue life at elevated temperature was almost as same as that at RT when the life was plotted against the total strain range. But

when the life was plotted against the plastic strain range, the fatigue life curves for RT, 673K and 873 K of JLF-1 were on different

lines. This phenomenon were also observed in F82H and modified 9Cr-1Mo. 

Cyclic softening was observed in fatigue test at elevated temperature. The cyclic stress-strain curve can be obtained from the fatigue

stress-strain hysteresis curves around half life. The cyclic yield point was lower than the static one, especially at 873 K. That means the

cyclic softening is a design issue at elevated temperature, which will reduce the design margin significantly.The experiments of thermal

history simulating the LCF test (annealing)were performed at 673 K and 873 K in vacuum.The temperature and cyclic deformation

effects on microstructure will be observed by TEM.
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Vanadium alloy, one of the candidates for next fusion reactors as structural materials, has the issue of mechanical property degradation

by hydrogen absorption. In the present paper, V-4Cr-4Ti and an alternative V-6W-2.5Ti were studied for their tensile deformation

behaviors at room temperature under constant load. The alloys contained 33-341 wppm H by a previous exposure in hydrogen gas at

500-800oC for hours. Results showed hydrogen release during the tensile loading, which caused shrinkage of the specimens and the

increase of elastic modulus and the decrease of tensile strength. Tensile holding the speciemn at stress higher than yield strength led to

a three-stage deformation behavior, similar to the traditional thermal creep but show stable deformation in the 3rd stage. The steady

deformation rate in this stage is much higher than that in the 2nd one, and it increased with increasing hold stress and the increase of the

hydrogen concentration. As the test temperature is fairly low, the deformation should be dislocation glide assisted and could be

enhanced by hydogen release. Hydorgen absorption and hydrogen release would bring about an issue of dimensional instability of

structural components, which should be taken into account in the design.
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An international effort is currently devoted to the characterization of 9%-Cr ferritic/martensitic steels for application as structural

materials of a variety of fusion components. In Europe, materials development and evaluation of their irradiation performance is one of

the main topics that is presently investigated at a number of laboratories. In particular, the mechanical properties, namely, the flow and

fracture behavior of 9%Cr-steels in both unirradiated and irradiated conditions, occupy a large number of European researchers.

However, some of the issues that are addressed are biased by the incorrect test analysis and interpretation. 

The main objective of this paper is to synthesize some experimental data performed on a number of 9%Cr steels including Eurofer-97,

T91, EM10 and F82H. Tests include tensile, Charpy impact and fracture toughness tests over a wide range of temperature [-150°C  ...

+550°C]. Examination of these data with dedicated analysis tools emphasizes the relation between the various mechanical properties

allowing a better understanding of the post-irradiation behavior of these steels.
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In the framework of the negotiations for the definition of an ITER site the European Union and Japan agreed to develop a number of

important projects of common interest for the rapid realisation of fusion energy. Between these projects the Engineering Validation and

Engineering Design Activities (EVEDA) phase of the International Fusion Materials Irradiation Facility (IFMIF) was included. 

The objective of the EVEDA phase of IFMIF is to perform reliability tests of key components and to produce a final design to be able

to start IFMIF components manufacture as soon as the construction decision is taken. The activities to be developed in the EVEDA

phase were discussed in 2003 and described in the IFMIF Conceptual Design Report. 

In the present Transition Phase the IFMIF activities has been performed mainly by Europe and substantial progress has been achieved,

e.g., in qualification of a replaceable backwall and of test modules, as well as in the characterisation of the neutron and deuteron

induced activation inventories in various parts of IFMIF, including the development of an IFMIF-oriented European library for

cross-section data. In addition alternatives have been studied for different IFMIF facilities, including a beam raster technique to provide

a stable deuteron beam profile, and specifically a superconducting Drift Tube Linac for the Accelerator Facility. A special effort has

been also made to compile available information in a systematic approach. Preliminary versions of the Safety Analysis Report,

Materials Selection Guide, Materials Handbook, Remote Handling Handbook and Design Description Document for Test Facility were

written or are under preparation.

Taking into account these results two further realisation scenarios for IFMIF, the “Aggressive European Proposal for combination of

EVEDA and CODA” and the “Optimised EVEDA Schedule” were proposed and compared with the reference case. The last one has

been accepted by the partners for further development in the future. Both have been developed with the main purpose of shorten the

time until IFMIF full operation is achieved and to reduce the overall risks of the project. 

In this presentation the main technical developments obtained in Europe during the last few years will be summarized. Based on this,

the main technical issues to be solved during the EVEDA phase will be also reviewed in the framework of the present scenario for

IFMIF.
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Peter Gillen
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In the recent IFMIF Comprehensive Design Report (CDR), the bayonet back-plate concept, as proposed by ENEA, is one of the two

promising designs for the back-plate rig in the Target Facility. With the present design concept, the flowing lithium inside the

back-plate assembly is sealed off with a Helicoflex® Spring Energized Seal (HNV 200 low load delta seal). During lithium jet

operation the spilling of the flowing lithium would cause accumulation of lithium in the groove pocket where the seal is loaded. Due to

the corrosive nature and the small atomic size of lithium, the corrosion attack on the seal and the physical penetration of liquid lithium

through the seal are two main concerns for the proposed application. The objective of the present study is to examine if such a scenario

would occur in a simulated lithium-seal contact, using test rigs operated for 1 month at 250, 300 and 350ºC. Following the high

temperature exposures, the seal surfaces were examined both visually and with scanning electron microscopy equipped with energy

dispersive spectroscopy. The preliminary results showed that the seal remained intact with no large damages and no apparent lithium

leakage through the seal was observed.
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An inspection procedure to asses the mechanical integrity of IFMIF (International Fusion Materials Irradiation Facility) capsules and

rigs during the irradiation campaign is necessary. Due to its penetration ability and contrast mechanism, the X-ray micro-tomography is

the only known tool that could meet these requirements. In the High Flux Test Module (HFTM) of IFMIF miniaturized specimens are

densely packed in capsules. The capsules which wear electric heaters and thermocouples are housed in rigs. To assure a well defined

thermal contact the heater wires have to be attached to the capsules by brazing them into grooves. The examination of the quality of the

braze material layer is of crucial interest in order to assure the best heat coupling of the heater wires to the capsule. A high density of

the heaters is necessary to maintain the required temperature and, in addition NaK filling of narrow channels is employed for improving

the 3D-heat transfer between the irradiation specimens and the capsule wall. Fully 3D tomographic inspections of a prototypical HFTM

instrumented capsule, developed and manufactures at FZK, were conducted. In order to identify the optimum irradiation parameters

and scanning configuration we carried out a comparative NDT analysis on two micro-tomography facilities, our compact, high

magnification installation at NILPRP and two high-end industrial tomography facilities with higher X-ray energy and intensity at

HWM. At optimum inspection parameters of a microfocus X-ray source (U=220 kV and I=300 µA) the geometry resolution was about

30-50 microns for characteristic dimension of the sample of 50 mm. Voids of 30 microns diameter and cracks of about 20 microns

width can be detected. The absolute error of geometrical measurements should be sufficient for the assessment of the structural

integrity of the irradiation capsule and for the geometry description within the thermal-hydraulic modeling. Space resolution could be

further improved if one can operate at low X-ray intensity and, consequently, very small focus size.

The main challenge to the well established transmission micro-tomography inspection for the irradiated HFTM capsule is the influence

of the sample radioactivity (induced by neutron activation) on the tomographic reconstruction quality. A Monte Carlo methodology has

been applied for the simulation of the perturbation of the HFTM rig reconstructed image which makes use of the nuclear inventory

calculations provided by FZK.
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Liquid Metal Embrittlement (LME) is defined as the brittle fracture (loss of ductility) of usually ductile materials in the presence of a

liquid metal. The sensitivity to LME is likely to increase with irradiation hardening as localised stresses can promote the aggressive

action of a liquid metal. To investigate the mechanical response of irradiated materials in contact with a liquid metal, an instrumented

hot cell is being developed. The testing machine installed inside will allow mechanical testing of active materials in liquid lead lithium

under well controlled chemistry conditions. Typical mechanical tests that can be carried out are Slow Strain Rate Tests (SSRT),

constant load and rising load tests at temperatures from 150°C to 500°C. 

The LME test set-up will consist of three vessels; besides the autoclave and loading unit two more vessels are used to prepare a test.

The first vessel (melting tank) is only used to melt the lead mixture for the first time. Impurities and the always present oxide layer on

top of the liquid metal can be removed. The second vessel (dump tank) is used to condition the liquid metal with a gas, for example

argon or hydrogen. After the conditioning, the liquid metal mixture is ready to be used for testing. Part of this set-up consists of a

vacuum pump and an argon gas supply, which are used to prevent the contact of liquid metal with air and humidity. Tensile tests can be

performed with a loading unit allowing strain rates in the range of 10-3 to 10-7 s-1 with a maximum load of 20 kN

In this paper the first results of the SSRT tests with EUROFER97 in argon and lead-lithium will be presented. The SSRT test method

has been chosen due to the accelerated nature of the test i.e. during straining the oxide layer will be ruptured and wetting of the sample

surface by the lead-lithium melt is promoted. The susceptibility to LME is then expressed as a difference in mechanical behavior in

argon and lead-lithium.
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IFMIF is an accelerator-based neutron source with the purpose of testing and fully qualify fusion candidate materials. Two 40 MeV

deuteron beams, 125 mA current each, strike a target of liquid lithium flowing over a concave back-plate. The deuteron-lithium

stripping reactions produce an intense high energy neutron flux which simulates the fusion reactor irradiation.

To remove the beam power deposited on it (up to 10 MW), the lithium jet must have a speed around 20 m/s, which may give rise to

flow instabilities. However, a stable liquid free surface is a very critical requirement of the target system, otherwise the neutron field

could be altered. Therefore, the possible occurrences that could affect the hydrodynamical stability of the lithium jet are being

examined in the frame of EFDA Technology Workprogramme.

This paper summarizes the studies of the fluiddynamics characteristics of the lithium jet under the deuteron heat load, based on

applications of the CFX 5.7 code, a commercial Navier-Stokes equations solver with specific modelling of turbulence, like the classical

k-&#61541; among others. 

Significant effort has been dedicated to develop an optimized and reliable numerical mesh, able to illustrate the behaviour of the lithium

free surface and other issues like heat transport along the stream and to the back-plate, and lithium vaporization.

First activities were dedicated to explore the effects on the results of a three-dimensional unstructured numerical mesh covering the area

from the nozzle upstream the target to the exit of the target region. Subsequently, a more effective approach to this issue has been

undertaken by developing a fine two-dimensional mesh along the longitudinal flow direction, with refined areas in the free surface and

close to the wall regions. The numerical convergence criteria have been found to be strongly sensitive with respect to small

modifications of the adopted unstructured mesh.

Owing to the uncertainties associated with modelling the free surface of liquid metal with the available turbulent approaches, efforts

have been devoted to support the results by means of model assessment. Relevant information taken from open literature, although

concerning water behaviour, has been selected with the objective of correlating average free surface values provided by the code to the

actual statistic surface fluctuations, as a function of the adimensional Froude and Weber numbers, accounting for gravity and surface

tension effects.
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The plasma facing components (PFCs) must withstand the thermal, mechanical and neutron loads under cyclic mode of operation and

vacuum. Despite that PFCs of ITER and demonstration reactors must assure reliability and long in service lifetime. For that reason

PFCs are designed to be made of beryllium, tungsten or carbon fibre composites armours and copper based heat sink material. Such

design concepts can only be used if joining methods of these dissimilar materials are resolved.

Several techniques have been developed for joining W and Cu e. g. casting of pure Cu onto W, high temperature brazing, direct

diffusion bonding or CVDs of W onto Cu. The main problem in the development of such joints is the large difference in the

coefficients of thermal expansion, CTE (alphaCu&#61627;4alphaW) and elastic modula (ECu&#61627;0.2EW). These differences

result in large stresses at the W/Cu interfaces during manufacturing and/or during operation, which may lead to cracking or

delamination reducing lifetime of the components. Possible solution to this problem is the use of W-Cu composites (FGM).

W-Cu composites are widely used for spark erosion electrodes, in heavy duty circuit breakers and as heat sinks of microelectronic

devices. They are commonly produced by infiltration of a porous sintered tungsten by liquid copper. Other technological route is

powder metallurgy. Coatings can be produced by low pressure plasma spraying. All these methods, however, are known to have some

disadvantages. For infiltration there is a 30 wt.% limit of Cu content while for powder metallurgy and plasma spraying techniques

porosity is of concern.

In our work the W-Cu composites of different composition were produced by pulse plasma sintering (PPS). This new method utilizes

pulsed high electric discharges to heat the powders under uniaxial load. The arc discharges clean surface of powder particles and

intensify diffusion. The total sintering time is reduced to several minutes. In our investigations various conditions of milling, mixing

and sintering have been examined. The chemistry and microstructure of powders and composites were investigated. Mechanical

properties were measured at room temperature in tensile tests (microsamples) and by hardness measurements. Measurements of

coefficients of thermal expansion were also carried out. It has been found that PPS method can be used to obtain material of 98% TD.

The experiments of joining the composite material to tungsten and copper plates gave promising results.
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China Low Activation Martensitic (CLAM) steel is being developed in ASIPP (Institute of Plasma Physics, Chinese Academy of

Sciences) since three years ago. CLAM is selected as the major candidate structure materials for the FDS series design of fusion

reactors and for China liquid metal LiPb Test Blanket Module (TBM) for ITER i.e. DFLL-TBM, which are being carried out in ASIPP.

Since the hot isostatic pressing (HIP) bonding technique is one of the main candidate bonding techniques for manufacturing of the first

wall of a fusion reactor, research of the HIP technique on CLAM/CLAM is greatly needed. 

Preliminary HIP diffusion bonding experiments on CLAM steel have been performed. A few machining approaches such as

dry-milling, turnery and grounding etc. were used to prepare the sample surfaces and then they were degreased with a mixture of

alcohol, ether and acetone in an ultrasonic bath. The samples were joined by HIP diffusion bonding with the compression pressure of

150MPa and the holding time of 2~3 hrs under different temperatures between 950&#8451; and 1100&#8451;. Different seal

techniques of the capsules were studied as well. Then appropriate post heat treatment was done.

Tests on mechanical properties of the joints such as tensile strength and impact toughness have been performed. The preliminary results

show that the tensile properties are roughly the same as those of the base material. The absorbed energy of the joints at present is a little

low and further research is needed to increase it. Microstructure of the joints was studied by optical microscope, SEM and TEM.

Compositions of the defects on the joining line were analyzed by EDS. Through analysis of the results, optimized parameters for HIP

are given.
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Various structural low (reduced) activated materials have been proposed as a candidate for the first walls-blankets of fusion reactors.

One of the main problems connected with using these materials - to minimise the production of long-lived radionuclides from nuclear

transmutations and to provide with good technological and functional properties. The selection of materials and their metallurgical and

fabrication technologies for fusion reactor components is influenced by this factor. Accurate prediction of induced radioactivity is

necessary for the development of the fusion reactor materials. 

Low activated V-Ti-Cr alloys and reduced activated ferritic-martensitic steels are a leading candidate material for fusion first wall and

blanket applications. At the present time a range of compositions and an impurity level are still being investigated to better understand

the sensitive of various functional and activation properties to small compositional variations and impurity level.

For the two types of materials mentioned above (V-Ti-Cr alloys and 9-12% Cr f/m steels) and manufactured in Russia (Russia

technologies) the analysis of induced activity, hydrogen and helium-production as well as the accumulation of such elements as C, N,

O, P, S, Zn and Sn as a function of irradiation time was performed. Materials “were irradiated” by fission (BN-600, BOR-60) and

fusion (Russian DEMO-C Reactor Project) typical neutron spectra with neutron fluency up to 1022 n/cm2 and the cooling time up to

1000 years. The calculations of the transmutation of elements and the induced radioactivity were carried out using the FISPACT

inventory code, and the different activation cross-section libraries like the ACDAM, FENDL-2/A and the decay data library

FENDL-2/D.

It was shown that the level of impurities controls a long-term behaviour of induced activity and contact dose rate for materials. From

this analysis the concentration limits of impurities were obtained. The generation of gas and solid transmutants can play a large role in

changing of the properties of alloys to irradiation. Neutron-induced transmutations lead to substantial changes in elemental

composition. Especially, for vanadium material the large level of solid transmutation occurs both in fission and fusion spectra. The

obtained results give a complete picture about the values of induced radioactivity, dose rate, decay heat, element and gas production.
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The objective of this study is to extend reweldability investigations to ITER-relevant radiation regimes and candidate welding

techniques, and to be able to cost effectively design experimental campaigns.

For this objective an instrumented welding set-up has been designed. The instrumentation consists of displacement probes and

thermocouples, which are able to measure displacements at &#956;m-resolution and temperatures real-time during welding. These

measurements can be used to validate FE-models.

The set-up is relatively easy transportable to be able to use welding techniques/facilities not available at NRG. The design has been

made compatible for use with remote handling manipulators for future studies.

In previous studies an FE-model has been developed to assess the helium bubble formation during welding of the irradiated vacuum

vessel. For the first stage welds from these previous studies have been duplicated to validate the FEM results. The evaluation of these

results is ongoing. Future welds will target the repair welding of a through-thickness leak in the vacuum vessel.
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The OECD Nuclear Energy Agency (NEA) Data Bank is part of an international network of data centres in charge of the compilation

and dissemination of basic nuclear data. Through its activities in the reaction data field, the NEA participates in the production of data

and their distribution to its users. 

The NEA Data Bank administrates the collection and validation as well as the distribution of the Joint Evaluated Fusion and Fission

(JEFF) library. The JEFF project has evolved from two separate projects, namely the European Fusion File (EFF) and the Joint

Evaluated File (JEF), to JEFF with the latest release of the library, JEFF-3.1, in May 2005. The EFF Project is a collaborative project

with work funded by the European Fusion Development Agreement (EFDA). The tasks within the project comprise new data

evaluation and verification of activation and transport data, calculation methods and validation via integral experiments. The EFF

project brings together all available expertise in Europe, relating to the nuclear data requirements of existing and future fusion devices.

EFF contributed greatly to the successful release of the internationally recognised nuclear data library JEFF-3.1.

The NEA Working Party on International Nuclear Data Evaluation Co-operation (WPEC) is established to promote the exchange of

information on nuclear data evaluations, measurements, nuclear model calculations and validation. WPEC provides a framework for

co-operative activities between the participating projects, such as the high priority request list that is a collection of experimental data

requests of special interest in a certain project, such as JEFF or ITER.

The NEA provides also computer program services for nuclear energy and radiation physics applications. Of special interest for fusion

applications are the integral experiments, such as SINBAD, with radiation shielding and dosimetry experiments including many fusion

neutronics shielding experiments.
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Oxide Dispersion Strengthened (ODS) EUROFER is a candidate structural material to be used in the design of several blanket options

[1]. This type of material allows higher temperature performance (650 ºC) than standard RAFM steels and shows improved mechanical

properties like superior tensile and creep properties in comparison to the base material EUROFER [2].

Together with mechanical and activation properties, the characterization of hydrogen isotope transport properties in any fusion

technology material is compulsory because they affect important issues of the blanket concept using a specific collection of materials,

such as the fuel economy, plasma stability and the radiological security of the fusion reactor.

The hydrogen interaction properties of permeability, diffusivity and Sieverts’ constant in ODS-EUROFER are experimentally evaluated

by using the gas evolution permeation technique. The results are analysed together with the properties of the base material in order to

study the influence of the particular microstructure of ODS in the hydrogen transport.

Higher permeability of hydrogen in ODS-EUROFER has been obtained in comparison to the base material EUROFER. The effect of

trapping showing a high time lag for non steady-state permeation has been noticed in the low temperature range. The trapping

phenomena is identified to be the cause of such effect and the presence of nanoparticles of yttria the reason for the source of additional

trapping sites. The concluding remark is a decrease in the diffusivity and an increase in the solubility of hydrogen in the material at low

temperature. All the hydrogen transport parameters obtained for ODS-EUROFER are compared to the properties of base material and

available data corresponding to other RAFM steels of the same kind.

[1] R. Lindau et al. Fusion Eng. Des. 75 – 79 (2005) 989.

[2] R. Lindau, A. Möslang, M. Schirra, P. Schlossmacher, M. Klimenkov, J. Nucl. Mater. 307-311 (2002) 769.
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Among beryllides, beryllium-titanium intermetallic compounds are one of the most promising materials to replace beryllium in future

fusion power plants. Due to its chemical stability and improved mechanical properties Ti beryllide has a great potential for fusion

applications. In this work we present a detailed study of the oxidation behavior of titanium beryllide under air annealing. High

resolution x-ray diffraction combined with ion microbeam techniques were used to follow the evolution of the composition and phases.

The microstructure was studied with scanning electron microscopy. The major phases present in the samples were Be10Ti and Be12Ti.

During thermal treatments up to 800 oC for 1 hour in air, the oxidation occurs preferentially at the beryllide grain boundaries. The

stability of the beryllide was followed during the annealing up to 750 oC in vacuum, by in situ x-ray analyses and no evidence was

found for the formatuion of the BeO phase during the annealing in vacuum.
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Reduced activation ferritic-martensitic alloys (RAFM) are the most promising candidates for structural materials in the future

thermonuclear reactors. They combine reduced activation with good radiation resistance. Nevertheles, their use is limited to

temperatures below 500-550 °C due to the loss in mechanical properties, especially creep. Reinforcing these alloys with a dispersion of

oxides (ODS alloys) allow to increase the operation temperature to 700 °C while maintaining good mechanical properties. The

characterisation of these alloys after aging treatments is fundamental to determine their service conditions. In this work we present the

results on the research carried out on two reduced activation ferritic-martensitic ODS alloys based on Eurofer 97. They were studied

before and after annealing in air at 700 °C during 3600 hours by means of TEM. Results indicate two types of precipitates M23C6

Cr-W carbides and yttrium oxide nanoparticles being the firsts of much larger size than the small yttria particles. Before annealing,

there are very few small precipitates in the martensitic structure. Chemical composition indicates that these are ytrium oxide with some

Mn in their composition. After annealing, we have detected the presence of numerous precipitates and cavities. EDS analysis of their

chemical composition reveals that Mn has diffused out of the precipitates. The larger Cr-W carbides are distributed in a similar way

before and after the annealing experiments indicating that no precipitation is induced by the aging treatment. Nevertheless, we have

detected by EDS analysis that some V is present originally in the precipitates while after annealing we saw no V in the carbides.
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Fusion power plant operation will strongly depend on the economy and reliability of crucial components, such as first wall modules,

tritium breeding blankets and divertors. Their operating temperature shall be high to accomplish high plant efficiency. The materials

properties and component fabrication routes shall also assure long reliable operation to minimize plant outage. The components must be

fabricated in large quantities based on demonstrations with a limited amount of test beds. Mock-ups and test loops will, through

iteration processes, demonstrate the reliable operation under reference thermal-hydraulic conditions. Although 14 MeV neutrons

dominate the nuclear conditions near the first wall, neutron transport analyses have shown that large portions of the components near

the plasma have to cope with a neutron spectrum resembling a fission core.

Present Materials Test Reactors, MTR's, offer fluxes relevant for large parts of the fusion major components. The mixed and fast fission

spectra though is not representative for all fusion conditions. The strong point of MTR's is their ability to generate sufficient

displacement damage in the materials in a relatively short time. The cores of MTR's provide sufficient space for irradiation of

representative cut-outs of components to allow integrated functional and materials tests in a high flux neutron field. 

The MTR's are the primary test bed for structural and functional fusion relevant materials.

 

The MTR space and dose rates provide a valuable base line for the developments and demonstrations of fusion key components in a

neutron field. In recent years the pebble bed assembly, PBA, irradiated in the HFR, Petten, has shown the feasibility of the

helium-cooled concept with lithium ceramics and beryllium multiplier pebble beds. The irradiations produce a wealth of process

parameters for the control of the tritium release of the pebbles. The PBA packaging, cooling and tritium purging arrangements closely

resemble the design for the EU ITER Test Blanket Module. The duration of the irradiation is relevant for the total TBM operation

during the ITER lifetime. The major result is that the basic design soundness has been demonstrated under ITER relevant conditions.

Besides the ceramic breeder concept experiments with lithium lead breeder subcomponents are continued to measure the effects of

transmutation product helium on the liquid metal properties.

Similarly, activities are ongoing to perform in-pile testing of primary wall components, allowing to address fatigue type loading

conditions. 

In the next decade 14 MeV sources such as ITER, IFMIF and maybe a volumetric source will support the crucial demonstration of

components under near fusion plasma nuclear conditions. These sources have limitations in accumulated total damage (ITER)

irradiation volume (IFMIF) and control. MTR's will thus continue to supply essential facts on component behaviour and materials in

parallel to 14 MeV sources. 

The present generation of MTR's will be closed in this and next decade because they reach their end of life. The new generation will be

utilised for 4 major areas of nuclear interest: energy, science, health and environmental issues. Fusion and the next generation fission

(Generation 4) power plant development will share the areas energy and science in the next decades. The design and concept of the new

MTR's will centre on faster development cycles, thus higher fluxes up to 5*1018 n.m-2. 

Several MTR replacements in the EU are in different design stages such as the Réacteur Jules Horowitz in France and PALLAS in the

Netherlands. The conceptual design of the replacement for the HFR, Petten, named PALLAS envisages a fruitful co-operation of the

experimenters for advanced fission power reactor and fusion plant components. Materials science will also be able to use modern MTR

facilities for the modelling of radiation damage in both fission and fusion environments. The development of primary fusion

components such as blankets and first wall modules will be well served also with the new MTR generation.
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R&D of fusion materials, especially their activation characteristics, is one of the key issues for fusion research in the world. Research

on activation characteristics for low activation materials, such as reduced activation ferritic/martensitic steels, vanadium alloys and

SiCf/SiC composites, is being done throughout the world to ensure the attractiveness of fusion power regarding safety and

environmental aspects. However, there is less research on the activation characteristics of the other important fusion materials, such as

tritium breeder etc.. Lithium lead (Li17Pb83) is presently considered as a primary candidate tritium breeder for fusion power reactors

because of its attractive characteristics. It can serve as a tritium breeder, neutron multiplier and coolant in the blanket at the same time. 

The radioactivity of Li17Pb83 by D-T fusion neutrons in FDS-II has been calculated and analyzed. FDS-II is a concept design of fusion

power reactor, which consists of fuison core with advanced plasma parameters extrapolated from the ITER (International

Thermonuclear Experimental Reactor) and two candidates of liquid lithium breeder blankets (named SLL and DLL blankets). The

neutron transport and activation calculation are carried out based on the one-dimensional model for FDS-II with the home-developed

multi-functional code system VisualBUS and the multi-group data library HENDL1.0/MG and European Activation File EAF-99. 

The effects of irradiation time on the activation characteristics of Li17Pb83 were analyzed and it concludes that the irradiation time has

an important effect on the activation level of Li17Pb83. Furthermore, the results were compared with the activation levels of other

tritium breeders, such as Li4SiO4, Li2TiO3, Li2O and Li etc., under the same irradiation conditions. The dominant nuclides to dose

rate and activity of Li17Pb83 were analyzed as well. Tritium generated by Li has a great contribution to the afterheat and activity of

tritium breeders but has no contribution to its dose rate. If the tritium produced in it is extracted completely, the activation levels of

tritium breeder become much lower and the element Li after irradiation has little contribution to the activation level of Li17Pb83.
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Fusion neutrons and the heat load from the plasma are going to introduce damages to the structural materials of the plasma facing

components.  Damage rate by fusion neutron irradiation and temperature of structural materials of the components change depending

on the burning of the plasma.  It has been pointed out by the present authors that the temperature change during neutron irradiation

causes acceleration or suppression of irradiation hardening depending on the temperature range.  For instance, temperature change

ranging between 250 and 350C caused to accelerate the irradiation hardening of the reduced activation ferritic steel, while the change

reduced the hardening of the austenitic alloys; the hardening of austenitic alloys reduced to be about half of the without the temperature

change after irradiation to 1.5 dpa.  Significance of the temperature change effect on the susceptibility of ductile and brittle fracture of

the components has been also indicated.  Moreover, it has been suggested that the stability of the radiation-produced point defect

clusters, particularly that for the interstitial clusters, is one of the key factors for the mechanism of the temperature change effect.  This

paper describes the effect of the stability of the point defect clusters on the microstructural change with rate equation programs. 

Analysis of the microstructural change occurred during ion irradiation has been also conducted to evaluate the model.
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Elastomers are commonly used  as sealing materials  for  applications at moderate vacuum levels. Use of elastomeric seals in ITER

processing systems without any other path barrier is unacceptable from tritium confinement aspects and with safety operation.

Alternative sealing methods make part of intense R&D efforts for root fore-pumping systems in ITER. A large variety of elastomer

materials are available in the market. Gas permeability performance of elastomers are known to depend on composition and other basic

properties. Such differences can lead to orders of magnitude for He or H-isotopes permeabilities justifying a systematic experimental

study for ranges of interest (0-1 bar, T < 125 ºC). Radiation rapidly induces hardening and other property modifications, hence

performance in  radiation degrading environments of their sealing properties requires additional research.  

The screening of available commercial grades of diverse elastomeric membranes have been performed tested in the gas permeation cell

rig developed in CIEMAT for out-of-irradiation qualification and compared with measurements done in a permeation cell coupling the

Van de Graaff 2 MeV e- beam facility under ionizing radiation.  Time lag measurement through membranes are obtained with and

without irradiation.

Evidenced differences in transport magnitudes are discussed in terms of composition and elastomer microstructure. Permeability

values, gas pressure dependencies and transport domains are made explicit and discussed.
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Insulators used as H&CD and Diagnostic vacuum windows (VW) in ITER may become modified by surface intake and bulk transport

of hydrogenic species. VW, operating under severe radiation levels, have a primary safety role as tritium confinement barriers. Ionizing

radiation can potentially enhance the (H’) absorption and release at  surfaces and diffusion rates in the bulk. Radiation damage modifies

the material´s bulk trapped inventories by increasing steady trapping centre concentrations. An experimental programme is ongoing at

CIEMAT, to quantify radiation effects on H transport characteristics and also the possible impact on the ceramic. Here a parametric

transport assessment is done in order to obtain a wide evaluation of permeation fluxes, ranges, and soluted/trapped inventories in

aluminas as VW materials: Policrystal Al2O3 for vacuum transmission window in ICRH systems, RF feed-through and bushing system

insulators, and single crystal is used for diagnostics.  TMAP7 is the release-rate modeling tool used for the assessment. The insulator

operational scenarios are discussed with special attention paid to the ITER design assumptions for the values of H-species source terms

(neutrals and implanted).  Available material transport data without radiation is discussed and taken as  reference base for this

parametric exercise.  Permeation fluxes through base materials are justified to be below  DRG limits established for ITER.
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The liquid metal LiPb blanket design is one of the most promising designs for future fusion power reactors and under wide research in

the world, such as in the EU, US and China. And the liquid metal LiPb loop is the best tool to do research on characteristic of liquid

metal LiPb such as its corrosion to structural material of the blankets and on its behavior under fusion condition. The first liquid metal

LiPb loop in China was built in 2005 at ASIPP (Institute of Plasma Physics, Chinese Academy of Sciences). The loop is made of 316ss

and with a 0.5m×0.5m shape. The temperatures for the hot leg and cold leg of the loop were kept as 420&#8451; and 480&#8451;,

respectively, in order to make liquid metal LiPb flow in the loop due to the temperature difference. The temperatures are measured by

thermal couples installed on the outside surface of the pipe. 

The Reduced Activation Ferritic/Martensitic steels (RAFMs) are considered as one of the candidate structural materials for DEMO and

the first fusion reactors. The first corrosion experiment for ~500 hours was done in October, 2005 on CLAM (China Low Activation

Martensitic) steel, which is one of the RAFMs and under development at ASIPP with wide collaborations in domestic and overseas.

The samples with sizes of 31mm in length and 10mm in diameter were put into the hot leg during the operation. The comparing

experiments on samples of 316ss were done as well. The weights, sizes, compositions, etc. before and after corrosion experiment for

~500 hours were tested and analyzed for the two kinds of samples. The microstructure of these samples was also inspected by SEM.

The results show the corrosion rate and extend for 316ss are obvious and much more serious, while those for CLAM steel are relatively

slight. Further corrosion experiment for much longer time will be started soon in order to get more fruitful results.
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For specific blanket and divertor applications in future fusion power reactors a replacement of presently considered Reduced Activation

Ferritic Martensitic (RAFM) steels as structural material by suitable oxide dispersion strengthened (ODS) ferritic martensitic or ferritic

steels would allow a substantial increase of the operating temperature from ~550°C to about 650°C. In all cases appropriate joining

technologies have to be developed. Diffusion welding techniques to perform similar and dissimilar joints have been studied

successfully. Friction Stir Welding (FSW) has shown a good potential but application is limited due to geometrical restrictions and

needs further development.

For the advanced helium-cooled modular divertor concept various joining techniques are required for joining the complex structural

parts made of different materials. First attempts have been made for joining the divertor structures of ODS EUROFER by means of the

Electron beam welding process with its highly concentrated energy input. This welding is widely used to produce high quality-high

integrity welded similar and dissimilar joints of a large variety of materials.

For this purpose, samples of ODS-EUROFER steel were welded using a PTR 150 kV/15kW EB welding facility. Two different

post-weld heat treatments (PWHT) were applied to investigate their influence on the mechanical and microstructural properties of the

welded joints. Miniaturised tensile specimens were used to determine the tensile behaviour in the temperature range between RT and

700°C. KLST specimens were used for Charpy impact tests. 

The microstructure of the weld and heat affected zone was examined using optical and scanning electron microscopy. Transmission

electron microscopical methods were applied to investigate the size and spatial distribution of the dispersed oxides and potential

segregation phenomena.
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For future fusion power plants, a He-cooled Divertor design has been developed by the Forschungszentrum Karlsruhe. The Divertor as

one of the plasma facing components has to withstand high heat loads of 10 MW/m2 as well as sputtering due to ion impact on the

surface of the Divertor. Tungsten is considered the most promising material to be used for this application. Because of the high

hardness of tungsten, fabrication of these parts by standard shaping technologies for steels such as milling is, depending on the

component, either difficult or even impossible.

The objective of this work is the adoption of tungsten on powder injection moulding (PIM) as a widely used mass production method

for net shaping of microstructured ceramic and metal parts.

It is well known that for design accuracy and good surface quality as well as high sinteractivity the particle size of powders applied to

micro PIM should be as small as possible while the powder content of the feedstock should be as high as possible but at least 50 vol.%.

In case of tungsten, industrial available powders are usually highly agglomerated. In order to provide a homogeneous feedstock with a

solid load above 50 vol.%, powders applied to PIM have to be deagglomerated.  Depending on the grain size, tungsten shows different

kinds of agglomeration states. Ultra fine grain sizes below 1µm build sponge like agglomerates, while bigger grain sizes result in

agglomerates being built of individually grown crystals. It was found that pre-milling of powders with a grain size of 0,7µm FSSS has

nearly no effect on the resulting viscosity whereas in case of 3µm FSSS deagglomeration drastically improves the viscosity and the

processability of the feedstock. For further improvement of the feedstock, in this paper grain size dependent variations of the solid load

shall be discussed to define an optimised grain size for Micro PIM of tungsten components.

For initial PIM experiments, a first feedstock based on a tungsten powder with a grain size of 2,5µm FSSS and a solid load of 55vol.%

was developed and a microstructured cavity for a gear housing as well as Slot Arrays with 24 Slots were injection molded. 

Further on, tensile test bars and charpy-test specimens were replicated to provide mechanical data of tungsten samples being prepared

by PIM. By debinding and sintering of injection molded tungsten parts, a density of 96% and a residual carbon content <0,003 wt.%

was achieved.
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A European effort was started to develop an optimized power core for a He-cooled DEMO device. The candidate breeder blanket

concepts considered are the HCPB (helium cooled ceramic breeder) concept, the HCLL (helium-cooled lithium lead) concept and the

DCLL (dual coolant) concept. One basic segmentation and maintenance configuration was identified to be particularly promising. In

this paper, an overview on the concept is given and key design features are described. In addition, the design adjustment of the HCPB

blanket and some new proposals in the DCLL blanket design are briefly discussed.

The blanket segmentation and maintenance concept involves so-called ‘multi-module-segments’ (MMS), which consist of

pre-assembled blanket sub-modules mounted onto a vertical support structure that includes the manifolds for the distribution of the

coolant(s). The MMS serve as handling units for the replacement of the blanket. Since most of the assembly steps are carried out

outside the vessel and the number of handling units is reduced – when compared to the number of ITER modules, the resulting

maintenance time is expected to be significantly less than that required for blanket segmentation in modules. While the MMS are

relatively large, the blanket sub-modules are still small enough to preserve the advantages of a highly segmented blanket with regards

to fabrication, electromagnetic loads and thermal stresses. The MMS are bolted onto a permanent, self-supporting, ring-shield structure.

This ring shield structure which is at the same temperature as the manifolds of the MMS (defined by the steady-state blanket helium

inlet temperature) is built from vertical segments that are strongly connected in both toroidal and poloidal directions. 

The remote handling concept requires, in addition to a vertical insertion device, a second transporter located in the lower region of the

vessel to transport the MMS along the toroidal direction. An important advantage of this new concept is the limited number of remote

handling ports needed to be opened for maintenance (tentatively between 2 and 4), which allows for a reasonable layout of the reactor

building as it removes the need to install large, upper remote handling ports between all coils.
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Design of fusion reactors includes the development of low-activation materials. V–Cr–Ti alloys are among the candidate structural

materials for the first wall and blanket, with the scarce and costly V as the main component. It is worth considering its regeneration and

refabrication as well as to avoid its disposal as radioactive waste. However, to do so, it is necessary to bring its radioactivity down to

sufficiently low levels.

We have two possible goals:

·	Recycling (within the nuclear industry) for first wall and front blanket components. In that case, contact dose rate must be sufficiently

low.

·	Clearance (release from nuclear regulatory control) for back blanket and backplate components. In that case, the clearance index must

be below unity. In fact, for components less exposed to neutron activation, clearance may be reachable, after a conceivable period of

decay.

Maximum radionuclide concentrations in the alloys allowing their clearance were determined, using new IAEA Clearance Limits. For

this purpose, also for less neutron-exposed structures, such as the back part of the blanket and the backplate, clearance is possible only

if certain activation products are separated.

As for recycling within the nuclear industry of first wall components, also for clearance it turns out that the development of isotope

chemical separation techniques is interesting and necessary for our purposes.

A suitable method for achieving the required substantial radioactivity reduction of activated V–Cr–Ti alloys is radiochemical extraction

reprocessing, Such a technology, permitting to remove metallic activation products from spent materials, was developed and tested

experimentally in Russia.

Concerning clearance of less activated components, based on the estimated element distribution factors in the extraction and

re-extraction processes, and computations, it was shown that the alloy components may be purified from the activation products, using

this technology, down to an clearance index equal or less than one.
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Under the EFDA Technology Work Programme 2005, INTRA-mod6, as one of the important EU computer codes for safety assessment

of fusion power plants, has been validated against previously conducted experiments, such as ICE, EVITA and Marviken. In this paper

INTRA-mod6 is validated against the International Containment Standard Problem ISP-47 experiment done in the ThAI facility. 

ISP-47 experiment was done recently in August 2004, and this gives a very good opportunity in testing INTRA-mod6. This case is

selected intending to validate INTRA-mod6 covering different sizes and various physical phenomena. INTRA-mod6 shows good

simulation results comparing with the experiment results.

This work has been supported by the European Communities under an association contract between EURATOM and the Swedish

Research Council.
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The In-Vessel Transient Analyses Code INTRA was developed mainly for use in accident analyses for fusion reactors of Tokamak

type. The code has been used during 1996&#61485;2006 for analyses of postulated accidental events in ITER. INTRA is a general

containment systems code, based on lumped parameter technique, handling thermal hydraulic problems in buildings or vessels of any

kind, and formation and distribution of non-condensable gases in particular. It can be used in the fission reactor field as well as in

fusion, especially where chemical reactions, like hydrogen production and distribution take place. 

Starting 2004, INTRA has been subjected to an extensive reconstruction and a thorough review of the source code’s physical and

structural models, and during 2005 a new code version could be released, INTRA-Mod6. Examples on new code features are tritium

modelling, free format input and time dependent variables. A plot software, JSPlot, has also been developed.

Following the restructuring of the code, INTRA-Mod6 has been validated against several experiments, which the code had been

previously validated against, namely the Marviken, EVITA, ICE, LOVA and ThAI experiments. 

This paper summarizes the new features of INTRA-Mod6 and results from the validation effort.
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Whatever the power generation process ( fission or fusion), a nuclear plant is a complex system made of thousands of components and

equipment. It is also submitted to the most strength requirements in terms of safety, environmental impact, schedule and economical

competitiveness. 

Even the fission process is well known and managed, achieving successfully a nuclear facility construction project nowadays requires a

mastery in integration and project management. The feedback of recent test and propulsion reactor projects designed and built by

AREVA TA (more than 10 reactors from 4 different designs in the last 12 years) and the recent erected Asian NPPs and under process

Okiluoto AREVA NP EPR construction project highlight the real interest of most modern engineering method utilization. 

These methods, satisfying the project management standards issued in the last five years, are based on a global approach and on the

continuous improvement of the process. They offer a real minimization of risks for the client, for the public and the environment.

Achieving a new fusion power plant project implies a change in the order of magnitude of the scientific and technical complexity.

Naturally the feedback of previous scientific machines projects is strongly limited specially in the field of nuclear facility integration,

nuclear safety culture, human factor, Integrated Logistic Support, nuclear operation and decommissioning requirements at the design

and construction stages.

The paper presents how can fusion community take advantages from best engineering practices of nuclear companies.

The examples issued from AREVA group’s experience show the versatility of the engineering approach and present some successful

adaptations of these methods, even if the engineering responsibility is limited and the technical domain is different. These methods,

initially developed for core activities (nuclear propulsion reactor engineering) have been successfully used in the field of scientific

facilities (JHR Jules Horowitz experimental Reactor, Laser Megajoule plant, dedicated to simulation) and in rightly different domains,

such as airplane construction (Airbus A380 final assembly line).

The full paper and the associated presentation will focus on decision making support services in the following domains: risks

management, performances management, interfaces ( as well physical as functional interfaces) and integration management.

The contribution of CAD and TDMS ( technical data management system) will be discussed.
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Control of dust production in ITER (P3-J-94) 

Lina Rodriguez-Rodrigo(1), Sergio Ciattaglia(2), Joëlle Elbez-Uzan(3), Jacky Furlan(4), Girard Jean Philippe(5), Christian

Grisolia(6), Werner Gulden(2), Alberto Loarte(2), Maria-Teresa Porfiri(7), Philip Sharpe(8), Neill Taylor(5)

1. EFDA-CSU-Barcelona c/ Josep Pla. 2, Torres Diagonal Litoral Building B3 08019 Barcelona Spain
2. EFDA Close Support Unit Boltzmannstr. 2 85748 Garching Germany
3. Agence ITER France Cadarache  F-13108 St Paul Lez Durance France
4. CEA Cadarache CASI/DTAP 13108 St Paul lez Durance France
5. ITER Cadarache Joint Work Site CEA Cadarache 13108 St. Paul lez Durance France
6. Association Euratom-CEA, DSM, DRFC CEA Cadarache 13108 St Paul Lez Durance France
7. ENEA Frascati Via Enrico Fermi 45 00044 Frascati (RM) Italy
8. Idaho National Laboratory Fusion Safety Program 2525 Fremont Avenue 83415-3860 Idaho Falls USA, Idaho

In the last years dust has been observed in a number of fusion devices and is being studied more in detail for understanding in particular

the physical phenomena related to its formation, its composition, physical and chemical characteristics, and the amount of produced

dust. The extrapolation of dust formation to ITER predicts (with large error bars), a large mass of dust production with a scattered size

distribution. To evaluate the impact of dust on safety, assumptions have also been made on  radionuclide inventory, and mobility in

off-normal events, as well as any postulated contributions the dust may make to effluents or accidental releases. 

Solid activation products in structures are generally not readily mobilisable in incidental and accidental situations, so that activated

dust, tritium and activated corrosions products are the important in-vessel source terms in postulated scenarios that assume a

mobilisation and release of some fraction of this inventory.  Such a release would require the simultaneous leak or bypass of several

robust confinement barriers.  Further concerns for dust may be the potential for chemical reactions between dust and coolant in the

event of an in-vessel leak, and the theoretical possibility of a dust explosion, either of which could in principle cause a pressure rise that

challenges one or more of the confinement barriers.  Although these hazards can – and will – be controlled by other measures in the

ITER design, application of the principle of Defence in Depth dictates that the dust inventory should also be minimised and controlled

to prevent the potential hazard. 

A well-coordinated R&D programme is required to support this dust production control. This document provides from the safety point

of view, an overview of existing data given in "Dossier d'Options de Sûreté", the first safety report presented in 2001 to the French

Safety Authorities, and ITER documents; it also gathers information on status of studies on activated dust, as well as production,

transport, localisation, detection and cleaning studies, which are in a research phase mainly in Europe and USA. It is also pointed out

that dust production itself is a study to be performed in ITER and that validation by R&D of simulation codes relevant from the safety

point of view needs to be deepened. The strategy and needs for future R&D on dust production, transport and characterisation,

diagnostics for production control, cleaning systems, and evaluation of dust risk explosion is discussed.
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Deliberating and communicating the potential of fusion power based on

long-term foresight knowledge. (P3-J-96) 

Erik Laes, Gunter Bombaerts

SCK-CEN Boeretang, 200 2400 Mol Belgium

Aim

This paper is based on research performed for EFDA under the SERF programme (Task TW5-TRE/FESO/A).  The main aim of this

contribution is to provide guidance (in terms of quality criteria) for setting up foresight exercises as a platform for discussion of the

benefits and drawbacks of fusion with a broad range of stakeholders.  At the same time, we explore conditions that might enhance the

resonance of such foresight exercises in the policy sphere.  

Method

This paper starts from a fundamental paradox in foresight studies. On the one hand, foresight falls beyond the domain of ‘traditional

science’, since the results of foresight exercises cannot be tested empirically against ‘hard facts’. However, on the other hand, the

organisations funding such exercises of course do this with the aim to improve their knowledge about the future, in view of making

‘better decisions’ or at least stimulating a discussion and/or creating awareness for the goals and problem definition(s) that the

organisations have set for themselves.  Therefore, the question is: “How can we assess the quality of knowledge embedded in foresight

exercises and its implications for policy making?”.

Starting from this central question, we first introduce a (probably somewhat unfamiliar) philosophical framework called

‘constructivism’.  Next, we give a constructivist reading of scientific foresight as a combined scientific-political practice and point out

some of the main points of interest regarding the relationship between foresight knowledge and policy.  We illustrate these points of

interest with practical case-study examples.  Finally, we draw upon our theoretical and case-study research to propose a methodology

for developing long-term energy scenarios, and we give some practical recommendations on using long-term energy foresight exercises

as a platform for communication with wider audiences. 

Achievements

This paper proposes an architecture for integrating foresight in a complex policy setting based on long-term visions.  It also proposes

criteria for quality control of foresight, based on a) the diversity of the core group participating in the foresight exercises; b) the

available resources; c) the strength of the evidence used; d) the explicit discussion of normative elements; e) the development of

coherent and engaging storylines; f) the exploration of ‘surprise events’ and g) avoiding narrow problem framings.
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The code TRansport and ACTivation simulates the flow and isotopes transport inside a network of 1-D pipes/channels. The code

handles liquid or gaseous coolants encountered in fusion devices, and treats an unrestricted number of pipe/channel materials. By

splitting each pipe/channel into a fixed number of “layers”, TRACT simulates model-dependent processes of corrosion, erosion,

dissolution, precipitation (crud) and deposition. The physical model is organised in the following parts:

a. Fluid flow simulation calculates pressure drops, flow velocities and pumping power, assuming various components from a library

(e.g. pipes, fittings, valves, heat exchangers, pumps etc.). The flow is solved for each pipe/channel by applying flow conservation at the

“nodes”, using a balance between pressure-driven flow and drag

b. Mass transfer simulation of corrosion and corrosion release rates of the bulk solid cooling channel material, and their variation with

time and temperature. Solubility in the coolant, dictates precipitation and/or crud formation and deposition

c. Radioactive decay (activation) with generation under irradiation conditions, and convection downstream with deposition onto

surfaces. TRACT expands the pipes/channels materials (and the circulating fluid) to elements with their isotopes (active and

non-active) tracking their evolving distributions

TRACT is written in the IDL language with a graphical user interface. The parameters for a particular network are provided by the

“user” via a number of tables accessible from the interface in input mode or using a text editor. A “network” is the combination of a

pipe/channel configuration with circulating fluid and parameters and comprise “pipes”, which join each other at “nodes”. The topology

of the networks, the basic size-metrics and the materials of pipes/channels are free to construct an arbitrary network. The layout can be

in 3-D space (elevation with gravity included), allowing for “breaks” and disconnected loops.

TRACT is used in this paper, as an example case, to demonstrate the layout loop, its components (fittings, exchanger, 3-D elevation,

free flow), flow velocity, pumping power and corrosion, corrosion release, precipitation and deposition of material, for the IFMIF

project.

The code is capable, and was developed, to be used as a general purpose cooling loop of any fusion components. It can be used to

optimize a particular loop, in terms of pressure drop and pumping power.
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ENEA THEORETICAL AND EXPERIMENTAL ACTIVITIES ON THE HELIUM

Cooled Divertor (P3-J-121) 

Claudio Nardi, Stamos Papastergiou, Aldo Pizzuto

Associazione EURATOM- ENEA sulla Fusione, Via Enrico Fermi 45, I-00044 Frascati (RM), Italy

The He cooled DEMO divertor poses many challenges in design and development because of the high thermal fluxes to be sustained

and, consequently, the high temperatures achieved in the structure. The He, as all the gaseous coolants, requires high velocity and high

turbulence to have heat transfer coefficients sufficient to limit the structural temperatures within allowable boundaries, these

requirements, however, increase the pressure drop in the heat transfer structure, and therefore the required pumping power for the

divertor. ENEA proposed a concept aimed to have sufficient heat exchange together with acceptable 

pressure drop. This concept (HETS) has been developed theoretically in the past years. Many calculations 

have been already performed showing the possibility of such an arrangement to gain high thermal efficiency 

in the heat transfer and to limit within acceptable values the pressure drop. A mock-up of seven elements in 

copper alloy has been tested using hot water to show the heat transfer capacity and using air to evaluate the pressure drop. However this

mock-up can not be tested at the high temperatures required in an He cooled divertor.

       Now a mock-up of a single HETS element has been manufactured using tungsten and tungsten alloys in order to have the

possibility to test it at the temperatures and the thermal fluxes required in the 

DEMO divertor. This mock-up shows, moreover, the possibility to manufacture the complex structures in W alloys that will be required

in the real divertor. The tests will be performed in ENEA Brasimone, using the HELIFUS III facility. The test program is divided in

two phases, the first one is aimed to evaluate the pressure drop at temperatures comparable with the one will be found in the divertor,

without thermal flux in the structure. The second phase, instead, is aimed to evaluate the heat transfer ability  of the structure, and the

element will sustain a thermal flux comparable to the one in the DEMO divertor. Presently the tests are in progress, and the results

appear promising.
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The assessment of the activation of steel corrosion products generated in one year of IFMIF lithium loop operation due to the

interaction between lithium and Stainless Steel SS-304 has been performed. This paper is mainly focused on the neutron activation and

it describes the approach used for and present the results obtained. A preliminary estimate of the accelerator deuteron beam contribute

to the activation is also presented.

The study was accomplished through the following phases:

1) neutron spectrum calculation in the lithium target via MCNP-4C2 with McEnea neutron source model based on the measurements of

neutron emission spectra produced in Li(d,n) reactions for a thick lithium target performed at the “Cyclotron and Radioisotope Center

(CYRIC)”, Tohoku University, Japan;

2) inventories calculations and decay gamma sources production via ANITA-IEAF activation code package; the calculations were

performed by considering a lithium mix composition containing lithium impurities and corrosion products referred to 200 wppm of

Steel SS-304 corresponding to a corrosion rate of 0.2 µm/y and a SS-304 wetted surface of 572 m2 ; an irradiation scenario reproducing

the integrated (in eleven months of operation) neutron flux responsible for the activation of the circulating corrosion products facing the

deuteron beam was considered;

3) decay gamma transport analysis for dose rate evaluations via both VITENEA-IEF/SCALENEA-1 and MCNP-4C2 systems for the

Longest Pipe of the Lithium loop.

The following conclusions can be drawn by the results analysis:

•	dose rates at 50 cm from the Longest Pipe are 198µSv/h and 85µSv/h at 1 day and 1 week from the plant shutdown, respectively

•	considering the average 20 mSv/a regulatory limit in Europe for “Radiation Worker” and the four-week period of annual maintenance

activities in Li loop, the zone around the piping, exceeding 125 mSv/h, has to be declared “Restricted Access Area”

•	the worker radiation protection could be a concern for IFMIF if a good purification system of Li will not continuously run 

•	specific procedures and worker protection equipments (such as Remote Handling tools) and shielding have to be considered to

maintain the Li loop. 

Sensitivity analysis has also been performed to evaluate the impact of the choice of different neutron source models, of irradiation

scenarios and of corrosion rates/lithium mix composition on the dose rates.

The contribute to the activation of the steel corrosion products due to the deuterons has been estimated to be about a factor 50 higher

than the corresponding one due to neutrons. The ANITA-DEUT code, able to manage the deuteron induced transmutation and

activation using the activation library based on ACSELAM data, has been used for.
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He-cooled Divertor Development for DEMO (P3-J-164) 

Prachai Norajitra(1), Radmir Giniyatulin(2), Thomas Ihli(3), Guenter Janeschitz(4), Wolfgang Krauss(1), Regina

Kruessmann(1), Vladimir Kuznetsov(2), Igor Mazul(2), Verena Oberheide(1), Ivan Ovchinnikov(2)

1. Forschungszentrum Karlsruhe, IMF Postfach 3640 76021 Karlsruhe Germany
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In the course of the He-cooled divertor development [1] at Forschungszentrum Karlsruhe, two modular concepts based on the use of

multiple-jet cooling (HEMJ) and a slot flow promoter (HEMS), respectively, have been found to be promising. The modular design

helps reduce thermal stresses. Goal is to reach a HHF of at least 10 MW/m2. Both concepts use small cooling finger modules which

consist of a tungsten tile as thermal shield brazed to a pressure-carrying finger-like structure made of a tungsten alloy, such as

W-1%La2O3. The cooling fingers are fixed to the supporting structure made of ODS steel via a transition piece with Cu filling and

conical lock. The divertor is cooled with helium at 10 MPa and inlet/outlet temperatures of 600°/700 °C. 

The accompanying issues relevant to the design are material and fabrication technologies, analyses, and experiments. The choice of

tungsten as divertor material is based on its high resistance against sputtering. It is a low-activating and possesses a high melting point,

high thermal conductivity, and relatively low thermal expansion. On the other hand, the temperature window range for the design is

restricted by the recrystallisation and ductile-brittle transition temperatures of tungsten which are estimated to be about 1300°C and

600°C, respectively, under neutron irradiation.

A series of technological breakthroughs are necessary for obtaining a functioning design. This has been demonstrated within the

framework of cooperation with the Efremov Institute, St. Petersburg, Russia, in particular for the joining of W-W and/or W-steel

components as well as the fabrication technology for W parts. Based on the knowledge gained by these test results, a series of W

1-finger mock-ups have been manufactured for the full tests in a helium loop (10 MPa, 600°C) at Efremov using the TSEFEY EB

facility for heat load simulation. The heat flux was varied stepwise between 3-12 MW/m2 with 10 temperature cycles during each step

simulated by switching beam on and off. First two mock-ups were successfully tested. They withstood the specified heat load of 10

MW/m2. Only at elevated heat loads between 11-12 MW/m2 crack failure in the first mock-up and leakage failure in the second

mock-up were detected. Post examinations for these mock-ups tested are underway. Further experiments are running. The test series

will last until mid-2006

Discussion of these issues and state of the art of divertor development shall be the subjects of this paper.

[1] P. Norajitra et al., He-cooled divertor for DEMO: Experimental verification of the conceptual modular design, Fusion Engineering

and Design 81 (2006) 341–346.
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Impact of risk analysis on ITER nuclear buildings internal layout (P3-J-170) 

Franck Lignini(1), Laurent Sabathé(1), Lina Rodriguez Rodrigo(2), Joelle Uzan-Elbez(3), Jean-Philippe Girard(4)
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The internal layout of ITER nuclear buildings (Tokamak, Tritium, Hot cell and Radwaste buildings) is the result of an iterative process.

Notwithstanding civil engineering requirements, technical and functional requirements for the processes housed in the buildings, the

internal layout must also take into account safety requirements and workers protection requirements in normal, incidental and

accidental conditions.

Potential hazards and constraints result in the definition of various zonings. Each room is classified depending on the level of risk

induced by normal and incidental or accidental conditions :

-	radiological exposure to tritium, and activated products -> radiological zoning

-	exposure to beryllium (vacuum vessel blankets) -> beryllium zoning

-	exposure to electromagnetic fields during plasma shots -> electromagnetic zoning

-	fire hazard : fire compartmentalisation

-	explosion hazard -> anti-blast zoning

-	waste treatment -> waste zoning

Prevention of common mode failure due to internal hazards (fire, flooding, load drop …) for redundant safety important components is

also taken into account by geographical separation or by installation of protections between components (either in the same room or

preferably when possible by segregation in different rooms).

The designer also has to take into account access requirements to equipments and circulation rules for personal, material and substances

in ITER nuclear buildings.

Risk analyses are performed in the Preliminary Safety Report in order to demonstrate that the layout of ITER nuclear buildings allows

to meet the safety objectives and takes into account the requirements associated with the zonings classifications and complies with the

regulation.

When necessary, modifications are implemented in the design. For example, recent layout modifications were included in the tritium

building : utility rooms (electrical supply) were transferred outside the radiological hazard zones. A direct access from the outside was

provided, so that personal can access these electrical rooms without having to go through radiological zones.
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Several designs have been proposed for DEMO, some of which will operate in pulsed mode. Since a fusion power plant will be

required to deliver continuous output, this challenge must be solved. For the reference DEMO, energy storage is required at a level of

250 MWhe with a capability of delivering a power of 1 GWe.

Although DEMO is scheduled to be built in about 30 years, the design of the energy storage system must be based on current

technology, focusing on commercially available products and on their expected future trends.

From a thorough review of the different technologies available, thermal energy storage, compressed air energy storage, water pumping,

fuel cells, batteries, flywheels and ultracapacitors are the most promising solutions to energy storage for a pulsed DEMO. An outline of

each of these technologies is described in the paper, showing its basis, features, advantages and disadvantages for this application. 

Following this review, the most suitable methods capable of storing the required energy are examined. Fuel cells are not suitable due to

the power requirement. Compressed air energy storage has a lower efficiency than the required one. Thermal energy storage, based on

molten salts, so more energy can be stored with a better efficiency, and water pumping are shown as the main solutions, based on

existing technology.

However, those are not the only solutions capable of solving our challenge. Hydrogen production, using water electrolysis, hydrogen

storage and combustion in a combined cycle can achieve our energy and power requirements with an acceptable efficiency.

All these solutions are studied in detail and described, evaluating their current cost and efficiency in order to compare them all.
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The ORE assessment for ITER systems is evolving as design makes progress. This paper deals with two new ORE assessments. The

former was related to hands-on activities in assistance to the Remote Handling on a port plug hosting diagnostics, the latter to activities

in the Waste Treatment System.

On the context of these studies, to handle the large amount of data treated in performing ORE assessments and, to allow user friendly

updating of data as design or maintenance procedures evolves, as well as, know-how on maintenance activities improves, a software

tool has been developed. 

A systematic approach was adopted to evaluate work efforts (WE) need to execute specific tasks. The so called “elementary works”

were identified and classified. They represent the simplest operations like tool transport, scaffolding, inspection, welding, etc. For each

activity, time required to perform the operation and involved people were estimated. After that, elementary works were aggregated in

the so called main operations (e.g.: window replacement, pipe removal, etc.). For each of them, on the base of expected maintenance

frequency and dose rate fields, total WE and worker doses were calculated.

It was assessed that hands-on activities in the Equatorial Port No. 1 require 472 person•h of WE leading to a collective dose of ~7.4

p•mSv/a. The most critical operation in terms of worker doses is the sealing/unsealing of port plug, which weights for about the 23% of

the total.

The second ORE assessment was related to the management of ITER operational radioactive wastes. These wastes include streams

originated in the plant from the experimental and maintenance activities, with exclusion of those generated inside the Tokamak that will

be highly activated and will be managed inside the Hot Cell Processing System. The estimated collective annual dose related to the

Waste Treatment System ranges between ~4.3 and ~4.9 p•mSv. The two values depend on the assumptions made for the exposure

levels in the operative areas.

Both studies have to be considered as preliminary as far as the results are concerned due to the quite rough input data (on dose rates and

design details), while the approach might be considered sound and up to date. Further assessments will have to be done when more

design details will be available, detailed procedures will be fixed and more specific neutronic calculations to get the radiation sources

intensity in the operating areas will be performed.
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A significant effort has been done worldwide on the validation of thermal hydraulic codes, which can be used for the safety assessment

of fusion reactors. This work is an item of an implementing agreement under the umbrella of the International Energy Agency. The

European part is supported by EFDA.

Several programmes related to transient analysis in water-cooled fusion reactors were run in order to assess the capabilities of the codes

to treat the main physical phenomena governing the accidental sequences related to water/steam discharge into the vacuum vessel or the

cryostat. The typical phenomena are namely the pressurization of a volume at low initial pressure, the critical flow, the flashing, the

relief into an expansion volume, the condensation of vapor in a pressure suppression system, the formation of ice on a cryogenic

structure, the heat transfer between walls and fluid in various thermodynamic conditions.

•	A benchmark exercise has been done involving different types of codes, from homogeneous equilibrium to six equations

non-equilibrium models. Several cases were defined, each one focusing on a particular phenomenon.

•	The ICE (Ingress of Coolant Event) facility has been operated in Japan. It has simulated an in-vessel LOCA and the discharge of

steam into a pressure suppression system.

•	The EVITA (European Vacuum Impingement Test Apparatus) facility has been operated in France. It has simulated ingress of coolant

into the cryostat, i.e. into a volume at low initial pressure containing surfaces at cryogenic temperature.

This paper gives the main lessons gained from these programs, in particular the possibilities for the improvement of the computer

codes, extending their capabilities. For example, the water properties have been extended below the triple point. Ice formation models

have been implemented. Work has also been done on condensation models.

The remaining needs for R&D are also highlighted.
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In the frame of the deterministic approach in the safety analysis of the ITER reactor, it is postulated that a helium cooling line from the

cryogenic system and one coolant pipe of the first wall/blanket primary heat transport system are damaged simultaneously in the

cryostat.

In the frame of the validation of the computer codes which are used for the assessment of ITER safety, the EVITA experiment has been

designed for the simulation of the physical phenomena occurring during a coolant ingress into the cryostat. A simultaneous ingress of

water/steam and non condensable gas can be simulated.

The vacuum vessel of the EVITA facility contains a cryogenic plate. One of the main objectives of the experiments is to determine the

steam condensation phenomena on this cryogenic plate. Major deliverables of the EVITA experiments are as follows: ice formation

kinetics; heat transfer characteristics; condensed water mass; cryogenic surface temperature; dynamic pressure and temperature in

vessel. The main data of the tests are initial pressure, temperature of the injected fluid, injected mass flowrate, initial temperatures of

internal structures and operating conditions of the cryogenic loop. 

The tests are calculated using different computer codes namely PAXITR code. The comparison between calculations and experiments

allows the ability of these computer codes to treat the relevant physical phenomena (heat transfer coefficient between walls and fluid,

vessel pressurization, ice layer formation) to be assessed.

The latest series of experiments, involving simultaneous water/steam and gas ingress have been performed with different configurations

of the facility and different operating conditions. These tests have been carried out to obtain the ice layer formation kinetics. This paper

presents the main results of the work done so far, emphasizing the interpretation of the tests and the consequent evolutions of the

modelling used in the PAXITR code. They lead to a better evaluation of the pressure evolution in the vacuum vessel and of the ice layer

formation.

The EVITA program can provide a good contribution to the validation methodology for fusion safety analysis codes.
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This paper proposes a generic route for the recycling of beryllium from fusion reactors, based on critical issues associated with

beryllium pebbles after their service life in the HCPB breeding blanket. These critical issues are the high tritium inventory, the presence

of long-lived radionuclides (among which transuranics due to traces of uranium in the base metal), and the chemical toxicity of

beryllium.

On the basis of the chemical and rodiochemical characteristics of the neutron irradiated beryllium pebbles, we describe a possible

recycling route. The first step is the detritiation of the material. This can be achieved by heating the pebbles to 800°C under an argon

flow. The argon gas avoids oxidation of the beryllium, and at the proposed temperature the tritium inventory is readily released from

the pebbles. In a second step, the released tritium can be oxidised on a copper oxide bed to produce tritiated water, which is consistent

with the current international strategy to convert all kinds of tritiated waste into tritiated water, which can subsequently be treated in a

water detritiation plant.

Removal of radionuclides from the beryllium pebbles may be achieved by several types of chloride processes. The first step is to pass

chlorine gas (in an argon flow) over the pebbles, thus yielding volatile BeCl2. This beryllium chloride can then be purified by fractional

distillation. As a small fraction of the beryllium chloride contains the long-lived 10Be isotope, 10BeCl2 has to be separated from

9BeCl2, which could be achieved by centrifugal techniques. The product can then be reduced to obtain high-purity metallic beryllium.

Two candidate reduction methods were identified: fused salt electrolysis and thermal decomposition. Both these methods require

laboratory parametric studies to maximise the yield and achieve a high purity metal, before either process can be upgraded to a larger

scale. 

The eventual product of the chloride reduction process must be a high purity beryllium that can be used to produce beryllium rods

through a powder metallurgy route, which is a mature industrial process. Beryllium rods feed the Rotating Electrode Method to

manufacture beryllium pebbles for re-use in the HCPB breeding blanket.

The proposed recycling route features a number of remaining uncertainties that need to be resolved, including the development of

remote handling techniques and the development and optimisation of the chloride processes. These uncertainties make it impossible to

assess the cost of the recycling route at this moment.
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Helium loop is a tool for tests of divertor design options which meet the requirements for &#1053;&#1077;-cooled fusion DEMO

reactor. These tests include: divertor materials and joining technology selection, cooling regimes optimization, mockups thermal

cycling for lifetime estimation. It is also possible to use loop in other areas of high temperature helium nuclear technology (blanket/

first wall mock-ups tests, fission helium reactors relevant experiments). Also as results of systematic mock-ups tests it is planned to

create data base for validation of gas dynamic and thermal mechanic codes, used for simulation of processes in high heat flux

components. 

Helium loop is able to test mock-ups at nominal helium inlet temperature 600 C and pressure 10 MPa. Possible pressure losses in

mock-up are up to 0.5 MPa. First stage of such helium loop creation using tank-to-tank principle has finished at Efremov Institute in

collaboration with FZK. 

At this stage stationery flow rate 24 g/s, which is provided by oil-free membrane compressor, was achieved. One more possible loop

regime – gas pulses at 50 g/s and duration up to 120 s. Diagnostic system provides measuring more then 40 parameters such as

pressure, flow rate and temperature. Mock-up heat loading is provided by e-beam of TSEFEY facility with applied power up to 60 kW

at 27 keV beam energy. Results of finger like mock-ups of DEMO helium cooled divertor vertical target testing are presented.

At next stage helium loop will be able to reach flow rate of 600g/s (using helium circulating pump) that will provide heat removal from

mock-ups up to 120kW. The design solutions and R&D results of activity at this stage of loop creation are also presented.
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Hydrogen is considered to be the fuel of the future. The simplest way to produce hydrogen is by water decomposition. The usual,

non-electrical method of producing this reaction is either by direct thermal water splitting or by making use of some catalytic process in

a batch or flow reactor. The aim of the present work, which is part of the DEMO studies, is to investigate two further, little used

methods for hydrogen production. 

I.	Radiation Chemical Process

Both fission and fusion reactors produce  radioactive material, the radiation energy of which is wasted. By examining the water

decomposition yields observed under different conditions we conclude that the radiolysis of high temperature water vapour in contact

with oxide catalysts can produce sizable amounts of hydrogen.

II.	Plasma Chemical Process

One of the most serious problems with thermal water decomposition lies with the high reaction temperature which, apart from other

associated problems, demands highly corrosion resistant materials. Plasma chemical splitting removes this obstacle, but a mixture of

O2 and H2 is formed and the separation of these products is quite difficult. Having investigated a number of high temperature processes

where product separation might be easier, we conclude that the thermodynamic conditions of the reaction N2 + H2O = N2O + H2

appear attractive, additionally, N2O is easy to separate from H2. More detailed thermodynamic studies and relating kinetic

investigations of this and analogous processes must follow in order to assess the practical use of plasma chemical methods. Energy

carriers other than hydrogen, e.g. methane, methanol, formic acid, will also be considered, as these can also be synthesised in chemical

plasmas by making use of fusion energy.

The paper will report the results of the studies on both these processes for the production of hydrogen from fusion energy.
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An effort to develop a fusion specific component reliability database is being carried out by international organizations such as

EURATOM and the International Energy Agency (IAE). Moreover, several fusion related devices are involved in the collection of

operational experience. In this frame, TJ-II is performing a reliability assessment of its main systems initiating the evaluation process

with the Power Supply System (PSS).

The PSS has been chosen because it is one of the most critical systems in TJ-II. During a TJ-II pulse, the provision of magnetic fields

requires a total amount of power of almost 50MW. Such amount of power is supplied by the national grid and a 140 MVA flywheel

generator (100MJ, 15kV 100Hz). Since the TJ-II loads require direct current, a set of thyristor converters, transformers and circuit

breakers for each coil system are being used. Power requirements range from 5kA (100V) to 32kA (1000V). Also the heating systems

(ECRH and NBI) load the PSS with additional 15MVA.

Failure data of these main components and components from auxiliary systems (rectifiers cooling, uninterrupted power supply system,

control system …) have been collected from PSS operation notes and personnel interviewing. Data related to general operation,

campaign schedules, and maintenance have been collected from TJ-II engineering annotations, TJ-II web based electronic-board and

TJ-II campaign archives. A database with date, time, pulse number, failure description, failure mode and other related information has

been implemented. 

Failures and malfunctions in the PSS have been identified and processed, including information on failure modes and, where possible,

causes of the failures. About 1700 failures and malfunctions have been identified in the period May 1998 – Dec 2004 (1309 of them in

operational days and 381 during tests or maintenance task). Most malfunctions come from spurious signals over the circuit breaker and

from the generation system. 

Main statistical values, such as availability of the PSS for different modes of function, failure rates of subsystems and components,

corresponding standard errors and confidence intervals are being calculated and will be useful for the International Fusion Component

Failure Rate Database (FCFR-DB).

A reduction of annual failures, as well as an increasing of the PSS availability and reliability ratios from 1998 until now, has also

become evident from the interim analyses.
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Investigation of nuclear waste incineration has positively been carried out worldwide from the standpoint of environmental issues.

Some candidates such as ADS, FBR are under discussion for possible incineration technology. Fusion reactor is one of such

technologies, because it supplies a neutron-rich and volumetric irradiation field, and in addition the energy is higher than nuclear

reactor. However, it is still hard to realize fusion reactor right now, as well known. An idea of combination of fusion and fission

concepts, so-called fusion-fission hybrid system, was thus proposed for the nuclear waste incineration. Even for a relatively lower

plasma condition, neutrons can be well multiplied by fission in the nuclear fuel, tritium is thus bred so as to attain its self-sufficiency,

enough energy multiplication is then expected and moreover nuclear waste incineration is possible. 

	In the present study, to realize it as soon as possible with the presently proven technology, i.e., using ITER model with the achieved

plasma condition of JT60 in JAEA, Japan, a new calculation system for fusion-fission hybrid reactor including transport by MCNP and

burnup by ORIGEN has been developed for the precise prediction of the neutronics performance. The author’s group already has such a

calculation system developed by them. But it had a problem that the cross section libraries in ORIGEN did not have a cross section

library, which is suitable specifically for fusion-fission hybrid reactors. So far, those for FBR were approximately used instead in the

analysis. In the present study, exact derivation of the collapsed cross section for ORIGEN has been investigated, which means it is

directly evaluated from calculated track length by MCNP and point-wise nuclear data in the evaluated nuclear data file like JENDL-3.3.

The system realizes several-cycle calculation one time, each of which consists of MCNP criticality calculation, MCNP fixed source

calculation with a 3-dimensional precise model and burnup calculation by ORIGEN2. The series calculation can be easily executed in

one batch processing by a simple script command.

	The details of the calculation system for analysis of fusion-fission hybrid reactor especially concentrating on making of collapsed cross

section for ORIGEN is to be presented in the conference together with some burnup calculation results of Japanese possible fusion

fission hybrid reactor.
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A fusion-fission hybrid system which has a concept of combining nuclear fuel with fusion reactor has been proposed. With this idea, it

is possible to attain self-sufficiency of tritium and enough energy multiplication even for a relatively lower plasma condition, because

the neutrons generated in DT plasma region can be well multiplied by fission of the nuclear fuel such as uranium or plutonium loaded

in some parts of the blanket. And in addition there is possibility that the nuclear wastes from nuclear power plants can be incinerate by

utilization of surplus neutrons.

    We have developed a calculation system for analysis of fusion-fission hybrid reactor and various transport and burnup calculations

were carried out for hybrid systems with U-Pu fuel cycle and ITER model so far. It was confirmed that such system is feasible and even

beneficial. However, it cannot be expected in U-Pu cycle to accomplish acceptable incineration performance of minor actinides. The

result would indicate that the alternative idea is the use of thorium. 

The details of the method of transport and burnup calculation is given in another presentation of this symposium. Hence, in the present

study, we present some investigation results for Th-U fuel cycle, including comparison with the results of U-Pu fuel cycle. As well

known, thorium is fertile material that yields fissile material of uranium-233 through protactinium by neutron capture reaction. Th-U

cycle has advantages compared to U-Pu cycle that the thorium has a fairly large abundance ratio in natural resources and that Th-U

cycle can be expected to decrease production of minor actinides because of the smaller mass number of thorium. In addition, we

investigated two different coolants of helium gas and water. The coolant selection basically makes differences in cooling capability and

neutron spectrum, and consequently decides total reactor performance such as tritium breeding ratio, output power and incineration

performance of nuclear wastes.

    As a result of analysis, a fusion-fission hybrid system with thorium fuel cycle is feasible in principle regardless of coolant selection.

Both blankets of gas- and water-cooled systems meet requirements which include self-sufficiency of tritium, subcriticality of the

system and acceptable cooling capability. In comparison with U-Pu cycle, the production rate of minor actinides of Th-U fuel cycle is

generally lower than that of U-Pu cycle as expected.
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Understanding of neutron induced charged-particle emission reactions is needed in the fusion reactor development especially when we

strive toward a power generation plant. Emitted charged-particles cause material damage and a large amount of gas discharge.

Moreover, a local nuclear heating occurs because the charged particles stop immediately in the material. Not only reaction cross section

but also emission energy and angular differential information, namely double-differential cross section (DDX) is necessary to evaluate

these physical quantities accurately. In particular, charged-particle emission DDX of first wall and blanket material highly exposed to

incident neutron are indispensable.

  We recently developed an improved measurement technique for secondary emitted charged-particles using a pencil-beam neutron

source. A systematic measurement is being carried out for light nuclei of which the measurement has not been performed sufficiently so

far. We consider lithium, beryllium, carbon, oxygen, and fluorine as a high priority material for the measurement particularly since

these are the composition materials of currently proposed fusion devices. The measurements for beryllium, carbon, and fluorine have

already been completed and the measurement for Li-7 is planned at present.

  Obtained data in our measurement were compared with major three evaluated nuclear data libraries (JEFF-3.1, ENDF-B/VI, and

JENDL-3.3). From the comparison, it is found that the evaluation of DDX for these materials is still insufficient in some libraries. The

summary of the comparison study is the following:

1) As for beryllium, DDX for &#61537;-particle is stored in all libraries, and the agreement of the obtained result with ENDF is

comparatively well.

2) As for carbon, there is a discrepancy of about 20% in the evaluation of &#61537;-particle production cross section, and DDX for

&#61537;-particle is not stored in any libraries.

3) As for fluorine, the discrepancy of about 25% of proton production cross section is seen among the libraries, and our measurement

supports the evaluation of ENDF. A remarkable difference is observed for proton emission DDX between the obtained result and

JENDL, although the detailed DDX is stored only in JENDL.

4) As for Li-7, the total cross sections for triton production agree well with each other as expected, but the evaluations for other charged

particles should be not enough. The verification based on the experiment in the future would be necessary.
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There are thin slits at boundaries between vacuum vessel and port plugs in ITER. The slits are 0.5 – 2 cm in width and 50 – 200 cm in

depth. There are no experimental data on the neutron streaming through such very thin and deep slits. Neutron streaming experiments

have been conducted by using the FNS D-T neutron source at Japan Atomic Energy Agency under the ITER/ITA Task 73-10 in order

to evaluate effects of the slit on nuclear properties and validate prediction accuracies on numerical simulations.

The experimental assembly with a slit of 2 cm in width and 55 cm in depth was prepared with two iron blocks of 30 cm in height, 100

cm in width and 55cm in thickness as first campaign. The slit was located in the 12-cm upper part from the D-T neutron source point.

The distances (d) from the D-T neutron source to the surface of experimental assembly were 20 or 40 cm. The D-T neutron was

generated by 350-keV and 1-mA deuteron beam and tritiation titanium target (0.37 TBq). The intensity was about 1.5 x 1011

neutrons/sec. The number of D-T neutron was monitored with the counting of the associated alpha particle by silicon surface barrier

detectors and the experimental error of the number of neutron was within 3%. In order to evaluate distributions of the neutron fluxes

along the slit as a function of the depth from the assembly surface, fission reaction rates were measured by U-238 and U-235

micro-fission chambers. The experimental accuracies of these fission reaction rates are within 5%.

Monte-Carlo calculation code, MCNP-4c, was used to calculate the U-238 and U-235 reaction rates and neutron energy spectra due to

each measured position. Also the calculation was performed so that an error converged in less than 7%. JENDL-3.3 and

JENDL-Dosimetry file 91 based on JENDL-3.1 were used for the iron blocks and the micro-fission chambers, respectively.

From our first experiment, the following facts were found: (1) At d = 20 and 40 cm, reaction rates on U-238, which represent fast

neutron flux, decreased by about three orders of magnitude along slits with 50 cm in depth. Monte Carlo calculation results agree well

with measured values within 6 %.; (2) Reaction rates on U-235, which represent thermal neutron flux, decrease by about one order of

magnitude along slits with 50 cm in depth. Values of C/E of U-238 and U-235 reaction rates were 1.10-1.22 and 1.10-1.23 respectively

and the calculated values overestimated slightly.
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Safety design of radiation shielding is discussed for JT-60SA. The JT-60SA is the satellite tokamak of ITER Broader Approach. The

JT-60SA is planned to be utilized in the existing JT-60 experimental building and operate for ten years with deuterium plasmas. Since

the high performance discharges can be sustained for 100 seconds, the annual neutron fluence from the NCT plasma would be

increased up to about two hundreds times of the present JT-60U plasma. For safety operation of the coils, the vacuum vessel is required

to suppress the nuclear heating of superconductor. To satisfy the site boundary condition of JT-60 for radiation safety, the radiation

shielding structure of vacuum vessel and cryostat is designed. Neutron and photon transport calculations have been performed using

ANISN and DOT3.5 with nuclear cross-sections from the FUSION-40, which based on JENDL 3.3. In the activation calculations,

ACT-4 has been employed. 

Nuclear heating of the coil and neutron flux through the vacuum vessel was considered to determine the basic structure of the vacuum

vessel. For the material of vacuum vessel, radiation shielding performance of stainless steel and boron-doped stainless steel were

evaluated. The thickness of the structural and shielding materials has been changed for the vacuum vessel to be optimized for the

nuclear heating of the toroidal field (TF) NbTi superconducting coil. So, the vacuum vessel is designed to be a double-walled structure

made of stainless steel (SS316L) less than 0.05 wt% Cobalt contamination. The inner space in the double wall is filled with a 140mm

thickness of borated water (95 % B-10 enriched) for neutron shielding. The maximum nuclear heating of the coil was suppressed to

0.23 mW/cc at inboard of the coil. The nuclear heating of the coil was sufficiently reduced the design criterion for the 100 sec heat load

of the TF coil

The cryostat made of stainless steel (SS304) is designed to be a double-walled spherical filled with boron doped low activation concrete

for the biological shield. The cryostat consists of the 34 mm thickness of SS304, and the concrete of the 160 mm thickness is set up

outside the steel. In addition, it is covered with SS304 of 6 mm thickness. The dose rate in the JT-60 torus hall is suppressed up to an

acceptable level by the vacuum vessel and cryostat. The dose rate of JT-60SA site boundary is also satisfied without any additional

shielding performance for the JT-60 building.
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Neutrons produced by D-D and D-T plasmas induce the activation of tokamak materials and of components. The development of

reliable methods to assess dose rates is a key issue for maintenance and operating nuclear machines, in normal and off-normal

conditions. 

In the frame of the EFDA Fusion Technology workprogramme, a computational tool based upon MCNP Monte Carlo code has been

developed to predict the dose rate after shutdown: it is called Direct One Step Method (D1S). The D1S is an innovative approach in

which the decay gammas are coupled to the neutrons as in the prompt case and they are transported in one single step in the same run.

Benchmarking of this new tool with experimental data taken in a complex geometry like that of a tokamak is a fundamental step to test

the reliability of the D1S method. 

A dedicated benchmark experiment was proposed for the 2005-2006 experimental campaign of JET. Two irradiation positions have

been selected for the benchmark: one inner position inside the vessel, not far from the plasma, called  the 2 upper irradiation end (IE2),

where neutron fluence is relatively high. The second position is just outside a vertical port in an external position (EX). Here the

neutron flux is lower and the dose rate to be measured is not very far from the residual background. Passive detectors are used for

in-vessel measurements: the high sensitivity Thermo Luminescent Dosimeters (TLDs) GR-200A (natural LiF), which ensure

measurements down to environmental dose level. An active detector of Geiger-Muller (GM) type is used for out of vessel dose rate

measurement. Before their use the detectors were calibrated in a secondary gamma-ray standard (Cs-137 and Co-60) facility in term of

air-kerma. 

The background measurement was carried-out in the period July -September  2005 in the outside position EX using the GM tube and in

September 2005 inside the vacuum vessel using TLD detectors located in the 2 Upper irradiation end IE2. 

In the present work, experimental background data and dose rate, the latter collected during some operation free days in the early phase

of the 2006 JET campaign, are compared with the same quantities calculated using the D1S approach. 

The impact of key parameters (geometrical model, materials impurities, different sets of cross sections) to the calculated dose rates is

discussed as well.
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A helium-cooled divertor concept (HEMJ) for fusion reactors of the generation after ITER is being developed at the

Forschungszentrum Karlsruhe [1]. The reference design is based on the impingement cooling technology, where small multiple jets of

high-pressure helium (10 MPa) are directed onto the hot surface to be cooled. The design has to be optimised in terms of heat transfer

and pressure loss. A number of design variants were simulated by means of the commercial computational fluid dynamics (CFD)

software FLUENT [2]. 

To validate the results, experiments were carried out in the Helium Blanket Test Loop HEBLO originally designed and built for blanket

component tests within the framework of former blanket development. Its operating conditions (e.g. pressure at 8 MPa, max. mass flow

in the mock-up 120 g/s) do not totally match the divertor operating conditions, but some insights in the heat transfer process can be

won. 

The tests were carried out with a mock-up made of steel, which was scaled up by 10:1 to allow for a more detailed instrumentation.

Pre-tests for the heater and the loop without heating were done. The values of moderate heat loads simulated by an electrical heater,

mass flows, and inlet temperatures of the helium coolant were varied. The pressure loss and the temperature distribution in the mock-up

were measured. Operation points were then simulated with different commercial CFD software tools, namely, STAR-CD, FLUENT,

and ANSYS CFX. 

The agreement between experiments and simulations observed for the first experiments is rather good (helium inlet temperature 100 °C

and 250 °C at different heat loads and mass flows). Further experiments with more operation parameters are underway. The results can

be extrapolated to the cooling situation of the real geometry of the divertor plates. They also serve to compare the performance of

different CFD programs. Details of the simulations and measurements will be discussed in this contribution. 

[1]	P. Norajitra, R. Giniyatulin, N. Holstein, T. Ihli, W. Krauss, R. Kruessmann, V. Kuznetsov, I. Mazul, I. Ovchinnikov and B. Zeep,

Status of He-cooled divertor development for DEMO, Fusion Engineering and Design 75–79 (2005) 307–311.

[2]	R. Krüssmann, T. Ihli, P. Norajitra: Divertor cooling concept: CFD parametric study for design optimization. Jahrestagung der

Kerntechnischen Gesellschaft Deutschland, Aachen, Mai 2006, Proceedings: Berlin: INFORUM GmbH (2006), accepted.
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The force-free helical-type fusion reactor, FFHR, is proposed by the National Institute for Fusion Science on the basis of the

engineering achievements and confinement properties of the LHD. The superconducting (SC) helical coil system reduces the centering

force by compensating with the hoop force. This force-free configuration will lead to simplify the coil supporting structure under the

high magnetic field. This is one of the great advantages of the FFHR.  The output of the thermal power and electric power are

optimized to 3 GW and 1 GW, respectively. Total cold mass is estimated to be 18,000 tons. To simplify the operation of the cryogenic

system and huge SC coils, the cryogenic plant is subdivided into following six stations; the helium compressors, helium liquefaction,

4.5 K supercritical helium circulation, 80 K helium gas circulation, nitrogen liquefaction and their utilities. An equivalent refrigeration

capacity of 98 kW is necessary for coping with different plant loads. Mass flow rate of the main circulation compressors is 9.5 kg/s and

their power consumption is 28.4 MW. To allow the flexibility in operation, the co-generation system of electricity and hydrogen is one

of potential candidates. In this system, hydrogen is made from the steam electrolysis, in which thermal energy of the seam can be

obtained from the waste heat of the breeder blanket and/or the radiation shield components outside of the breeder blanket. The gaseous

hydrogen of 100 tons per day can be produced, when the stem electrolyzer of 150 MW class is applied. Electric power consumption of

the hydrogen liquefaction with 100 tons per day is estimated to be 26 MW. The effective cryoplant system for hydrogen liquefaction

that is linked together with the helium cryoplant is also investigated in this report.
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Power saving of large-scaled cryogenic system for fusion device (P3-J-350) 

Masato Noguchi(1), Shuichi Yamada(2), Sadatomo Moriuchi(2), Toshiyuki Mito(2), Takayuki Kishi(1), Kouji Kuramochi(1)

1. Mayekawa Mfg. Co.,Ltd. Tatsuzawa 2000 302-0118 Moriya Japan, Ibaraki
2. National Institute for Fusion Science Oroshi, 322-6 5025292 Toki Japan

For the purpose of reducing the power consumption of a cryogenic system for an experimental nuclear fusion system, we studied a new

cryogenic system which includes an additional auxiliary gas cooling system. The power consumption of the helium compressor will be

reduced by cooing down the suction gas temperature of helium compressor, and the power reduction becomes higher than the power

used for the additional auxiliary gas cooling system. Further, much higher power reduction will be realized by adding a chemical heat

pump driven by the waste heat of the helium compressor because the chemical heat pump requires small power against normal type

heat pump. We studied the improvement of efficiency of this new system comparing to the CERN’s 18kW cryogenic system because

this system will be the design basis of ITER’s cryogenic system. As the result of study, some 11% of power consumption can be saved

using this new cycle compared to a conventional system when the helium gas suction temperature of the compressor is 235K.
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FILTERING OF PARTICULATES BY CRACKS IN CONTAINMENT BARRIERS

(P3-J-352) 

Winston Han

EURATOM/UKAEA Fusion Association Culham Science Centre OX143DB Abingdon UK

Following a hypothetical accident in a fusion power plant, some of the mobilised material may leak into the environment through the

system of cracks which are characteristic of the material forming the containment barriers. It is possible for some of the particulates to

be filtered out of the leakage flow by the cracks during this process. For the conditions explored, the filtering effect arises because, as

the mixture of gases and particulates passes along the tortuous paths formed by the cracks, some particles are deposited on the crack

walls through inertial impaction, and thereby removed from the flow.

This paper describes a method which can be employed to quantify this effect, and which supplements the efforts to model aerosol

transport in cracks for fission reactor safety analyses by highlighting the importance of crack morphology. The gas flow and particle

impaction equations for conditions inside the crack are derived, and results presented for different cases. One of the conclusions worth

noting is that, in typical scenarios, it is possible for the filtering capacity of a concrete containment barrier to be significantly reduced if

an originally bare concrete wall is modified by the addition of an inner steel liner. The liner will, of course, add a positive mitigating

function in other respects, and so the net result depends in practice on the specific design and accident details.

Depending on the details of a given containment design, the method outlined provides a basis for potentially reducing conservatism in

accident consequence calculations. However, it is also able to contribute to a better understanding of interdependencies affecting

containment design options, thus enabling a more realistic assessment of performance.

This work was funded jointly by the UK Engineering and Physical Sciences Research Council and by EURATOM.
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Development of high temperature fusion blanket with LiPb-SiC and its

socio-economic aspects (P3-J-365) 

satoshi konishi

Institute of Advanced Energy, Kyoto University Gokasho, Uji, Kyoto 611-0011 Kyoto Japan

This paper describes recent results of the development of SiC-LiPb blanket in Kyoto University with advanced SiC composite, and its

implication for high temperature blanket preferable from socio-economic aspects. 

Blanket is the interface between fusion energy and outside world, i.e., industry, public and environment.  Material and energy balances,

such as fuel supply and waste discharge, or supply of product energy from fusion plants are characterized by the specific blanket

concepts, and performance and characteristics of blankets are considered to dominate the feature of fusion energy that should respond

to the requirements of the sponsors and public.  Thus development strategy for blanket concepts are affected by the aspects of

socio-economics such as; environmental release, assumed accidental scenario, rad-waste, and deployment to the market in each

countries/area.  Selections of breeders, coolants, and structural materials are based on such consideration, and ITER/TBM is expected

to foster the evolving concepts. Combination of LiPb, helium and SiC is of particular interests for a demo blanket concept, because it is

expected to be feasible in early stage of development such as TBM by Dual Coolant Lithium Lead concept as an intermediate step, and

would eventually achieve high operating temperature above current fission reactors’.  In the power plant design in Europe, US and

Japan, Lithium lead will work as breeder and primary heat medium, and SiC composites are used for flow insert, enclosure and

Intermediate Heat Exchanger to generate high temperature helium that is considered as a medium for power generation including

possible hydrogen production.  .Staged development strategy can be planned; and experiments to verify compatibility, tritium

permeability, MHD pressure drop and heat transfer characteristics are being evaluated with LiPb-He loop in Kyoto University. 

Hydrogen production process with this blanket is also experimentally studied.  Based on the results, blanket module and plant system

design are also investigated with socio-economic consideration.
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Power conversion cycles study for He–cooled reactor concepts for DEMO

(O4B-J-373) 

Mercedes Medrano(1), Beatriz Brañas(1), Diego Puente(2), Ernesto Arenaza(2), Borja Herrazti(2), Alvaro Paule(2), Alfredo

Orden(2), M.Teresa Dominguez(2), Richard Stainsby(3), David Maisonnier(4), Pierre Sardain(4)

1. CIEMAT- Fusion Nat. Lab Avda Complutense 22 28040 MADRID SPAIN
2. IBERTEF Magallanes 22 28015 Madrid Spain
3. AMEC NNC Limited Booths Park, Chelford Road WA16 8QZ Knutsford, Cheshire UK
4. EFDA Close Support Unit Boltzmannstr. 2 85748 Garching Germany

The study of different power conversion cycles have been performed in the framework of the DEMO scoping studies. The latter studies

have the aim of providing technical information focused on the selection of DEMO parameters. The purpose of the study of conversion

cycles has been the investigation of “advanced cycles” in order to get an improvement on the thermodynamic efficiency. Starting from

the “near term” He-cooled blanket concepts (named, HCLL and HCPB), developed within the Power Plant Conceptual Studies

(PPCS)and currently considered for DEMO, conversion cycles based on a standard Rankine cycle were shown to yield net efficiencies

(net power/fusion power) of approximately 35 %. Two main features limit the efficiency of these cycles. Firstly, the heat sources in the

reactor: the blanket provides the main source, over 80 % of the total thermal power. However, the blanket only produces moderate

coolant temperatures with a range of 300-500 C. The remaining thermal power, less than 20%, is deposited in the divertor as high-grade

heat with a more respectable coolant temperature range of 540-717 C.  Secondly, the low inlet temperature of blanket coolant limits the

possibilities to achieve efficient heat exchange with the power conversion cycle. 

The parameters of HCLL model AB (He-cooled divertor) have been used for the analysis of the following cycles:

·Supercritical steam Rankine cycle: different configurations such as superheat cycle, reheat cycle, etc. have been studied. 

·Supercritical CO2 indirect Brayton cycle: the recompression cycle yields the best thermal efficiency for the Brayton cycle options. A

discussion on the results considering different parameters of the cycle will be presented in the paper. 

·Separate cycles (“dual cycle”): in order to make an optimum use of the divertor high-grade heat source, independent cycles for the

blanket and divertor have been considered.

 

A comparison of the gross and net efficiencies obtained from these alternative cycles alongside the standard superheated Rankine cycle

will be discussed in the paper as well as the current state-of-the-art of the technologies involved in the different cycles. In general, the

net efficiency of all of the He-cooled blanket concepts is low because of the high power used for pumping the helium. Considerations

of potential means for reducing the pumping power will be presented and discussed in the paper.
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Quality Management for WENDELSTEIN 7-X – Lessons learned (P3-J-397) 

Jost-Henrich Feist

Max Planck Institut für Plasmaphysik IPP Wendelsteinstrasse 1 17491 Greifswald Germany

At the Max-Planck-Institut für Plasmaphysik (IPP) in Greifswald (Germany) a new fusion experiment of the Stellarator type, the

WENDELSTEIN 7-X (W7-X), is currently being constructed.  Assembly of W7-X has recently started and will last for the next five

years, followed by one year of commissioning. The construction team at Greifswald amounts to more than 300 people. The

manufacture of the components for W7-X is spread over whole Europe at more than 50 companies.

For this project a Quality Management System based on the ISO 9000ff family has been established, adapted to the special needs of a

scientific organisation in a public environment. It takes into account two important differences compared to normal in-dustrial

production: only one device is built (“prototype work”) and the compact de-sign does, in general, not allow later modifications or repair

work on the magnet system and some other core components. The QM-System has been described at the 21st SOFT. 

Although all members of the project want to produce quality the compliance with the regulations of the QM-system is sometimes

regarded as an obstacle for the work. Therefore one main aspect of QM is to implement the main features of QM like con-trol of all

processes, documentation, traceability and technical soundness of the ex-periment without jeopardising the flow of work.

For the manufacture of the components a very important document is the technical specification. It must clearly outline all properties of

the product, the standards to be applied, the qualification of production processes (e.g. soldering, welding, electrical insulation), tests

for the verification and, very important, the need for a clear struc-tured documentation to allow traceability.  During the course of the

contract the handling of changes and non-conformities is a very important issue from the QM point of view. Here one has to balance

the interests of both sides which inevitably lead to the problem of optimizing the process with respect to technical quality, cost and time

schedule. This can only be done with an intense monitoring on site by ex-perienced inspectors and the responsible technical officers. 

The presentation will give an overview of the experiences with this QM-system during the past ten years, both within the project and

with the contractors. The lessons learned should also be of relevance when setting-up the quality system for ITER.
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State of the art of fusion material recycling and remaining issues (P3-J-430) 
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1. EFDA CSU-Garching Boltzmannstr. 2 D-85748 Garching bei München Germany
2. Studsvik Nuclear AB SE 611 82 Nyköping SE 611 82 Nyköping Sweden
3. ENEA/EURATOM Fusion Association Via Enrico Fermi 45 I-00044 Frascati (RM) Italy
4. SCK-CEN Boeretang, 200 2400 Mol Belgium
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Fusion as a power production system presents several advantages in terms of safety and environmental impact, one of these being the

limited amount of radioactive waste production which is burden for future generations. Nevertheless, even if fusion does not produce

long term radioactive waste, e.g. by adequate material selection for plasma facing components, there are two important aspects

deserving consideration: the presence of tritium in relatively large quantity, and the very hard neutron spectrum leading to large

amounts of active materials.

In order to keep radioactive waste levels to a minimum it has been proposed to recycle the materials removed from the reactor, after

adequate decay period and proper handling and treatment. Treatment may include detritiation, separation of different material types and

sorting of the non reusable materials, among others. Moreover if recycle or reuse (within the nuclear industry in general or, for some

particular materials, within the fusion industry) are foreseen, the material has to be melted or reduced to reusable raw material,

machined or the pieces fabricated again, assembled and checked (for geometrical correctness, or leak tightness for instance). And all

this has to be made on industrial scale, as fusion will produce large amounts of material presenting various degrees of radioactivity and

tritium content.

Even if some experience of recycling exists in the nuclear fission industry, which can be used for fusion materials, the different steps

mentioned above are challenging operations when dealing with tritiated materials or highly radioactive components.

The paper presents a review of the current situation and state-of-the-art recycling methods for typical fusion materials (e.g. Beryllium,

Tungsten, Copper and Copper alloys, steel, Carbon) and components of future fusion plants based on current conceptual design studies.

It also focuses attention on R&D issues to be addressed in order to be able to recycle as much materials as possible in a safe,

economical and environmentally friendly manner. Recycling of materials is a challenge which is far from obvious and presents

important spin-offs for the fusion industry. It is not an urgent problem, but the solutions and routes to follow should be developed as

soon as possible to be able to tackle this important issue as it arises.
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Impact of increasing the enrichment of 15N in reduced-activation ferritic

steels on 14C production of tokamak reactors (P3-J-472) 

Takao Hayashi(1), Ryuta Kasada(2), Kenji Tobita(3), Satoshi Nishio(3), Tomotsugu Sawai(4), Hiroyasu Tanigawa(4), Shiro

Jitsukawa(4)

1. Japan Atomic Energy Agency, Fusion Research and Development Directorate 801-1 Mukoyama, Naka-shi 311-0193 Ibaraki-ken Japan
2. Institute of Advanced Energy, Kyoto University Gokasho, Uji, Kyoto 611-0011 Kyoto Japan
3. JAEA Naka, Fusion R&D Directorate 801-1 Mukouyama 311-0193 Naka Japan
4. Japan Atomic Energy Agency, Fusion Material Development Group 2-4 Shirakata-shirane 319-1195 Tokai-mura Japan, Ibaraki

The impact of increasing the enrichment of 15N in F82H of a fusion reactor has been investigated in order to increase the fraction of

shallow land burial. In Japan, the radioactive waste having any single radionuclide, exceeding the limit concentration value determined

by the Nuclear Safety Commission, will not qualify as a low level waste (LLW), which can be disposed by shallow land burial. The

regulation of carbon-14, which has a half life of 5730 years, was 37 kBq/g. 

 Low activation ferritic steel is the most promising structural materials under research for fusion because of its good irradiation

properties at high temperature and low activation. From the viewpoint of toughness and reliability, it is preferable to mix more than 200

ppm nitrogen in F82H. In DT fusion neutron environment, 14C is produced by 14N(n,p)14C nuclear reaction. The natural abundance of

nitrogen isotopes is 99.63% of 14N and 0.37% of 15N. Then increasing 15N enrichment is effective to reduce the production of 14C.

 SlimCS, which is a compact demonstration reactor characterized by low aspect ratio (A) and reduced-size center solenoid (CS), has

been designed in JAEA. The reactor has a major radius of 5.5 m and aspect ratio of 2.6. It produces a fusion output of 2.95 GW, which

corresponds to a neutron wall loading of 3.6 MW/m^2. A tritium breeding blanket in outboard side consists of both 30 cm thick

replaceable blanket and 50 cm thick permanent blanket. In the inboard side, it has only replaceable blanket of 30 cm thickness to realize

low-A. Neutron transport calculations have been performed using ANISN with nuclear cross sections from the FUSION-40 based on

JENDL 3.1.

 The concentration of nitrogen in F82H is 200 ppm. The enrichment of 15N was varied from natural abundance of 0.37% to 95%. After

thirty years operation with the operating rate of 50%, the 14C concentrations in F82H of the surface of outboard permanent blanket

decreased from 78 kBq/g to 10 kBq/g by increasing the enrichment of 15N. Even though the enrichment of 14N decreased by about

95%, the 14C concentration decreased by only 87%. The difference is due to 14C derived by 15N(n,np)14C nuclear reaction.

 With regard to replaceable blanket, after three years operation with the operating rate of 70%, the 14C concentration of blanket surface

decreased from 77 kBq/g to 26 kBq/g by enriching 15N. Thus, the F82H used in blankets would be classified into LLW, which can be

disposed by shallow land burial in Japan.
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ITER Operating Limits and Conditions (P3-J-473) 
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The Operating Limits and Conditions (OLCs) are operating parameters and conditions, chosen among all system/components, which

together define the domain of the safe operation of ITER in all foreseen ITER status (operation, maintenance, commissioning). At the

same time they are selected to guarantee the required operation flexibility which is a critical factor for the success of an experimental

machine such as ITER.

System and components important for personnel or public safety (Safety Important Class, SIC) are identified from the overall plant

safety analysis on functional importance to safety of the components. SIC classification has to be presented already inside the

preliminary safety analysis report and approved by the licensing safety authority before the relevant construction.

OLCs comprise the safety limits, i.e. that if exceeded could result in a potential safety hazard, the relevant settings that determine the

intervention of SIC systems and the operational limits on equipment which warn from or stop a functional departure from a planned

operational status that could challenge equipment and functions.

The safety limits have to indicate clearly states that leave the nominal safety state of ITER; they are derived from the safety analysis of

ITER. 

OLCs can represent in some cases few parameters grouping together. Some operational conditions, e.g. inventories, will be controlled

through no real time measurements and procedures.  

Operating experience from present tokamaks, in particular JET, and from nuclear plants is considered at the maximum possible extent.

This paper presents the guidelines to develop the ITER OLCs with particular reference to safety limits. A few examples are reported as

well as open issues on some OLCs control and measurement and the relevant R&D planned to solve the issues.
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Safety assessment of disruption energy fluxes on in-vessel components

with SAFALY (P3-J-474) 
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1. Fusion Energy Engineering Laboratory. Section of Nuclear Engineering.  Technical University of Catalonia. Av. Diagonal 647, pab. C.
08028 Barcelona Spain
2. Asociacion EURATOM-CIEMAT para la Fusión Avda. Complutense 22 28040 Madrid Spain

SAFALY is a hybrid code comprising a zero dimensional plasma dynamics and a radial and poloidal thermal analysis of in-vessel

components. It was initially adopted to assess ITER EDA plasma abnormal events from the safety point of view and was progressively

improved to analyze several accident scenarios by considering a wide range of phenomenology such as burn control or transport of

impurities. Recently, the Fusion Energy Engineering Laboratory (FEEL) of the Universitat Politècnica de Catalunya has retrieved

SAFALY for ITER 500MW in order to evaluate sequences challenging the integrity of the vacuum vessel and the other in-vessel

components. 

From 2005 up to now, the FEEL has modelled the first wall, the blanket and the divertor as a combination of layers of beryllium,

cupper, SS 316L-IG, coolant channels and thermal gaps. Evolution of the temperature and safety margins of the plasma facing

components have been simulated when fuelling abnormalities, such as overfuelling by a factor 1.5, overfuelling by a factor 3 and

sudden suspension of fuelling occurs [01]. Validation of the plasma core with ASTRA shows high grade of coherence. Among the

improvements it’s also worthwhile to mention the implementation of a user graphic interface.

In this contribution, the model of the energy fluxes on the plasma facing components during disruptions is upgraded. Particularly,

extrapolation from latest measurements of disruptions resulting from the collapse of Internal Transport Barrier (ITB) in JET have been

considered because it seems that conduction to the first wall and limiter has severe implications in that case. Data from multi-machine

comparisons that predict the average disruption energy flux in ITER and direction of plasma in Vertical Displacement Event after the

thermal quench of major disruptions have been also considered. In order to reduce uncertainties and conservatism of the results, further

minor changes have been incorporated to allow a more accurate evaluation of the influence of additional incoming D-T fuel in the

plasma during the accident transients.  

Several scenarios of abnormal fuelling events and ex-vessel loss-of-coolant accidents in divertor and limiter have been assessed by

considering all these factors.
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3. Forschungszentrum Karlsruhe IKET Postfach 3640 D-76021 Karlsruhe Germany
4. Consultant Fliederweg 3 D 76351 Linkenheim-Hochstetten Germany

The ARIES-CS team is conducting the final phase of its integrated study of a compact stellarator (CS) power plant, involving design

optimization through trade-offs among a large number of physics parameters and engineering constraints. Key engineering

considerations include the size of the power core, access for maintenance and the minimum distance between the plasma and coil that

affects shielding and breeding. As part of the study, several different stellarator configurations were developed and assessed, including

both NCSX-like 3-field period and MHH2-like 2-field period configurations. A number of maintenance schemes and blanket concepts

were evaluated. Our preferred option in a 3-field period configuration is a dual-coolant (He+Pb-17Li) ferritic-steel modular blanket

concept coupled with a Brayton power cycle and a port-based maintenance scheme. To help reduce the machine size, we combined thin

breeding zones with highly efficient shielding in the space-restricted regions while compensating for the breeding losses elsewhere.

Particular attention was given to the design of the coils and of the divertor, given the unique CS demands. An inter-coil structure design

was developed to accommodate the forces within each field period while allowing for the required penetrations for maintenance,

coolant lines and supporting legs of the in-vessel components. The super-conducting strands are wound around this structure. In parallel

with a physics effort to help determine the location and peak heat load to the divertor, we developed a helium-cooled W-alloy divertor

design able to accommodate 10 MW/m2. The design consists of a number of small units that can be readily adapted to the geometry

requirements of the CS divertor location, as well as to a tokamak configuration. This paper summarizes the key engineering outcomes

from the study. The most promising power plant concept is described. The engineering design of the  fusion power-core components

(including the blanket and divertor) and the coil structural design are briefly described along with a summary of the key results from the

detailed neutronics, stress, thermal-hydraulic and power cycle analyses performed in support of the design. The preferred port-based

maintenance scheme is summarized. The key stellarator-specific challenges affecting the design are highlighted, including the impact

of the minimum plasma-coil distance, the coil design requirements and the need for alpha power accommodation.
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Operation of ITER is expected to produce substantial quantities of particulate material in the form of dust, flakes, and spalled deposits

from erosion of plasma facing components.  Such material may contribute to hazards associated with potential ITER accident scenarios.

 For example, beryllium dust residing on a hot surface may react vigorously with moisture introduced into the vacuum vessel during a

loss of vacuum accident with a coolant line rupture.  Hydrogen results from the reaction, possibly creating an explosive atmosphere

within the vacuum vessel.  Additionally, dust may be activated (in the case of tungsten) or retain tritium (in carbon), thereby

contributing to environmental release and the associated site source term for postulated accident scenarios.  Development of defensible

safety analyses for ITER relies on detailed understanding of dust re-suspention, mobilization, and release during accident simulations.

An experiment facility has been developed at the Idaho National Laboratory, Idaho, USA, to investigate these issues and provide

benchmark data for dust transport in ITER safety analyses.  The Toroidal Dust Mobilization eXperiment (TDMX) simulates dust

re-suspension, mobilization, deposition, and release during loss-of-vacuum ingress with a configuration similar to ITER.  Vacuum

chamber geometry is defined by two coaxial, plexiglass cylinders sealed on their ends.  The height-to-diameter ratio of the outer

cylinder was chosen to be consistent with and scalable to the ITER design.  Vertical and horizontal port extensions represent locations

removed from the main torus for air ingress or trapped volumes for dust deposition.  Simulated structures, e.g. divertor dome and

baffles, may also be placed in the vessel for testing dust trapping underneath obstacles.  

A set of experiments has been performed with TDMX to measure the mobilization fraction, distribution of deposition, and release

fraction of dust characteristic of that expected in ITER.  Measurements were performed for various chamber pressurization rates and

initial dust locations.  No internal structures were used for these tests.  Dust species included carbon, alumina, and tungsten; tests were

performed for each material separately and in mixtures.  This paper presents the results of the investigation and describes the potential

impact on ITER safety analyses.
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Within the framework of the European Power Plant Conceptual Study (PPCS), the relatively near-term reactor model AB based on the

use of Helium-Cooled Lithium-Lead blanket (HCLL) has been developed and assessed. The HCLL blanket is based on the use of

EUROFER as structural material, of Pb-Li (Li at 90% in 6Li) as breeder, neutron multiplier and tritium carrier, and of helium as

coolant with inlet/outlet temperature of 300/500°C and 8 MPa pressure. The initial study has been focused on the “large module”

maintenance scheme. The conclusion of such a study indicated that the use of multi-module maintenance could allow improvement in

the blanket design by reducing the manifold complexity, in decreasing the He pressure drop and in locating pipes rewelding in a low

neutron flux region.

Therefore, this paper is devoted to the conceptual design of the model AB HCLL blanket based on the Multi-Module Segment (MMS)

maintenance scheme.

The basic principle is to have relatively small modules, welded on a strong poloidal back structure, in order to form a blanket segment

which can be removed from the top in a similar manner as a banana-shaped segment. The MMS are removed as a single component

and, before during segment replacement, the feeding pipes to be cut and rewelded are only those close to the top port for helium and

bottom port for PbLi in order to allow most of LiPb to drain by gravity, that are regions submitted to very low neutron flux. This back

structure is a common collector which will allow the feed and collection of the fluids (He and PbLi) in parallel for each module.

It is assumed that the reactor features a major radius of 8.4 m and 16 toroidal coils defining a vacuum vessel with 16 sectors ; the

maintenance will be performed vertically through the 16 upper ports. Each sector is formed by 2 inboard and 3 outboard MMS.

Therefore, each upper port will allow the extraction of 5 MMS. Each MMS has 6 modules, and the general size of these modules is

about 2x1m² with the higher edge along the poloïdal direction.

MMS are attached to a strong low temperature shield by mean of a sliding/key system, and the shield is permanently fixed to the

vacuum vessel. The integration issues of MMS and shield into the vacuum vessel are briefly discussed. A preliminary MMS mounting

sequence is also presented.
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Monte Carlo particle transport simulations are widely employed in fields such as nuclear engineering, radio-therapy and space science.

Describing and verifying the 3D geometry of fusion devices, however, are among the most complex tasks of MCNP calculation

problems in nuclear analysis. The manual modeling of a complex geometry for MCNP code, though a common practice, is an

extensive, time-consuming, and error prone task. An efficient solution is to shift the geometric modeling into Computer Aided

Design(CAD) systems and to use an interface for MCNP to convert the CAD model to MCNP file. The advantage of this approach lies

in the fact that it allows access to full features of modern CAD systems facilitating the geometric modeling and utilizing the existing

CAD models.

MCAM(MCNP Automatic Modeling System) is an integrated tool for CAD model preprocessing, accurate bi-directional conversion

between CAD/MCNP models, neutronics property processing and geometric modeling developed by FDS team in ASIPP and Hefei

University of Technology. MCAM4.0 has been extended and enhanced to support various CAD file formats and the preprocessing of

CAD model, such as healing, automatic model reconstruction, overlap detection and correction, automatic void modeling. 

The ITER international benchmark model is provided by ITER international team to compare the CAD/MCNP programs being

developed in the ITER participant teams. It is created in CATIA/V5, which has been chosen as the CAD system for ITER design,

including all the important parts and components of the ITER device. The benchmark model contains vast curve surfaces, which can

fully test the ability of MCNP/CAD codes. 

The whole processing procedure of this model will be presented in this paper, which includes the geometric model processing,

neutroics property processing, converting to MCNP input file, calculating with MCNP and analysis. The nuclear analysis results of the

model will be given in the end. Although these preliminary results of ITER benchmark exercise still need further study and should be

compared with those of other MCNP/CAD codes, these results mean that MCAM has passed this exercise.

With the help of MCAM, The ITER international benchmark model can be treated smoothly into MCNP input file without any manual

reconstruction or modification of the model, which means MCAM is capable of processing large complex 3D fusion devices and can be

used as an efficient tool for neutronics analysis.
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Multi-dimensional particle transport SN code, also called the discrete ordinates method code, is usually used to treat the deep

penetration problem in the bulk shield and calculate the flux distribution in nuclear analysis. However, it is an extensive,

time-consuming, and error prone task to describe and verify the three-dimensional (3D) geometry model of fusion devices. One of the

efficient solutions is to shift complex geometric modeling into a Computer Aided Design System (CAD) and to use an interface for SN

code. The advantage of this approach is that the features of modern CAD systems can be used and the model data can be exchanged

with SN code.

SNAM, the abbreviation of “SN Automatic Modeling”, is an interface program, which is developed by FDS team in ASIPP, between

modern CAD software and SN code. It supports various CAD file formats, such as STEP, IGES and SAT. SNAM can convert 3D CAD

models into input file of SN code and vice versa. It can also visualize the calculation results in various ways.

ITER 3D benchmark model, which is provided by ITER IT to compare various auto-modeling programs being developed in the ITER

PT, is used to test SNAM. The model is created by CATIA/V5 and includes all the important parts and components of the ITER

machine.

The benchmarking procedure of SNAM is performed as the following steps: importing CAD model into SNAM, automatically

detecting and fixing errors of the model, setting neutronics property parameters and control parameters, automatically generating the

input file of SN code, visualizing the calculation results calculated by SN code. In addition, the neutronics analysis results are also

compared with those of the calculation model generated by MCAM. It is shown that SNAM can be used as an efficient auto-modeling

tool to handle complex 3D models for neutronics analysis.
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The chamber walls, both solid and liquid, in inertial fusion energy (IFE) and Z-pinch reactors and Lithography devices are exposed to

harsh conditions following each target implosion or pinching of plasma.  Key issues of the cyclic IFE operation include intense photon

and ion deposition, wall thermal and hydrodynamic evolution, wall erosion and fatigue lifetime, and chamber clearing and evacuation

to ensure desirable conditions prior to target implosion. Detailed models have been developed for reflected laser light, emitted photons,

neutrons, and target debris deposition and interaction with chamber components and have been implemented in the comprehensive

HEIGHTS software package.    The hydrodynamic response of chamber walls in bare or in gas-filled cavities and the photon transport

of the deposited energy has been calculated by means of new and advanced numerical techniques for accurate shock treatment and

propagation.  These models include detail media hydrodynamics, non-LTE multi-group for both continuum and line radiation transport,

and dynamics of eroded debris resulting from the intense energy deposition.  The focus of this study is to critically assess the reliability

and the dynamic response of chamber walls in various proposed protection methods for IFE systems.  Key requirements are that: (i) the

chamber wall accommodates the cyclic energy deposition while providing the required lifetime due to various erosion mechanisms,

such as vaporization, chemical and physical sputtering, melt/liquid splashing and explosive erosion, and fragmentation of liquid walls,

and (ii) after each shot the chamber is cleared and returned to a quiescent state in preparation for the target injection and the firing of

the driver for the subsequent shot.  This paper investigates in details these two important issues and found that the required operating

frequency of the IFE reactors for power production may be severely limited due to these two requirements.
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