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1. INTRODUCTION 
 

The ITER site and Broader Approach decision - The last two years have seen many important events 
for the European and French fusion communities and the Département de Recherches sur la Fusion Contrôlée of 
CEA (DRFC) and the Association EURATOM-CEA pour la fusion have been on their forefront. The decision of 
the International ITER Partners to select Cadarache on June 28th, 2005 as the site for ITER is of course on top of 
these events and will deeply influence the future of the Association.  

The accompanying decision of launching a bilateral agreement between Japan and the European 
Union (the “Broader Approach”) including the rebuilding of JT60-U with super-conducting coils (JT-60SA), the 
construction of a prototype high energy fusion-like neutron source (IFMIF-EVEDA) and the IFERC fusion 
centre for the preparation of DEMO and plasma simulation, is an additional heavy responsibility that will have to 
be tackled appropriately by an effective collaboration between the EU member states which agreed to participate 
in it on a voluntary basis.  

In both projects, ITER and Broader Approach, highly qualified and experienced engineers will have to 
be committed for a duration going from 5 to 10 years or more. For each of these 4 projects, staff external to the 
Association will increasingly participate, considering the broad expertise required: cryogenics, magnets, 
accelerators technology, neutronics, thermal hydraulics, mechanics, high performance computing, etc. CEA at 
large and Direction des Sciences de la Matière in particular have competence in many of these domains and will 
certainly take a substantial participation in them. The Association on its side has taken part in many technology 
developments under EFDA contracts during years and has deep experience in the operation of an actively cooled 
superconducting tokamak, and thus can offer a broad spectrum of competences that ITER and the Broader 
Approach definitely need.  

 

The evolving organization of fusion research in Europe - After the ITER site decision, the European 
community for fusion has carried out a substantial modification of its organization. Parallel to the creation of the 
International Organization (signature of the Agreement on November 21st, 2006), the “Joint Undertaking for 
ITER and the Development of Fusion Energy” has been created (decision of the Council of Ministers on March 
27th, 2007), in charge of the European procurements for ITER and the Broader Approach. Beside this “Project 
oriented” structure, a more “Programme oriented” organization is being created (EFDA for “European Fusion 
Development Agreement”) which manages to enhance the collaborative actions within the community by 
offering appropriate organizational and financial tools (Task Forces, Thematic Groups, Coordination and 
Support  actions, …). This new EFDA tackles the JET programme and the basic programme of the EU 
Associations, including science and emerging technologies (but excluding the various provisions for ITER and 
the Broader Approach). 

The Département de Recherche sur la Fusion Contrôlée and the Association are prepared to participate 
in these different activities under the different frames and will make their best efforts to maintain a very active 
attitude in all possible aspects of fusion science and engineering during the ITER construction phase and beyond. 
These very important events and structural evolutions of the fusion programme took place during the last two 
years; meanwhile the Association accomplished a number of activities in science and technology which are 
reported in the present document.  

 

Tore Supra - Taking benefit of the successful completion of the actively cooled CIEL components, a 
scientific and technological programme has been run on Tore Supra, in relation with the production, the control 
and the study of long pulse, steady state, high power tokamak discharges. The robustness of the toroidal limiter 
and of the current H&CD system allowed to couple routinely to the plasma a total power in the range 6-10 MW 
for 30 s to 1 minute duration (mainly Lower Hybrid + Ion Cyclotron). These values correspond to the average 
power flux (excluding ELMs) on ITER when normalized to relevant reference surfaces for radiation or 
convection fluxes. In such conditions, the cumulated discharge duration over the 2006 experimental campaign 
was more than one hour (60 GJ exchanged), i.e. an ITER-like figure for a single shot at full power and a 
reference for wall material erosion.  

A great deal of information was gathered during these long pulse powerful experiments in terms of 
antennas behaviour (localized edge phenomena), HF scenarios (ICRH and LH), fuel and isotopic control (H/D), 
impurity control, etc., in conditions of zero or almost zero loop voltage, which have not yet been explored 
extensively in the current generation of tokamaks. Of particular importance for ITER is the impressive 
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operational experience acquired during these experiments since they require strict procedures of feedback control 
of many parameters based on the availability of a sophisticated bunch of diagnostics, enough detailed 
understanding and modelling of the processes at work in the plasma or at the plasma-wall interface and proper 
real time actions on actuators such as power and/or particle sources. A striking example for  steady state tokamak 
physics is the first attempt of a triple control of fully non inductive (loop voltage = 0), fixed plasma current 
(primary flux consumption) and current profile broadened by increasing the parallel index N// of the LH waves, 
under MHD stable conditions over a full minute. 

Another important issue which has been tackled during these last two years is the hydrogen fuel 
retention by the carbon fibre toroidal limiter, an important question as far as the choice for a divertor material for 
ITER is still a matter of discussion. In this area, the long pulse capability of Tore Supra has brought a clear 
observation of the large absorption of H isotopes by CFC and has motivated a strong collaborative programme in 
the EU which should lead to an accurate understanding of this process, together with proposals for material 
improvement.  

Beside long pulse issues, Tore Supra has produced a broad variety of scientific results, on shorter 
pulses, in relation to important issues for ITER. For example, repetitive pellet injection has allowed work at 
densities above the Greenwald density for durations of several seconds. An accurate determination of the particle 
flux pattern at the edge has been worked out with Langmuir probes. Energy confinement has been shown to be 
almost independent of normalized beta, consistently with density fluctuations measurements. An inward particle 
pinch, with a velocity comparable to that of the neoclassical particle (Ware) pinch, has been clearly observed, 
during the saw-teeth recovery phases, inside the q = 1 surface (ohmic conditions), correlated with evanescent 
density fluctuations. Amongst many others, these experimental results are described in the following pages. 

The CIMES project of enhancement of the LH power (18,750 kW-cw, klystrons and an actively 
cooled Passive Active Multijunction antenna) will allow increasing the current drive capability of Tore Supra, 
complementing thus the successful CIEL components, and allowing for higher performance non-inductive 
regimes in Tore Supra (in particular, higher density). The realization of these components suffered several delays 
due to difficulties for industry to deliver key items. These difficulties originate from the high technology 
character of the procurements but also from the constraints associated to long pulse cooling. Most difficulties are 
now mastered and a delivery date in 2009 is expected.  

 

JET - The Association takes a significant part in the activities of JET in all respects, participating in 
the Close Support Unit activities, the operation of JET, the scientific campaigns and the enhancements. The 
Association has sent of the order of 10 people on long term secondments at the CSU and the Operation, whereas 
the experimental campaigns have involved about 30 scientists over shorter periods. The installation of the high 
frequency pellet injector is managed by the Association and the IR camera has been built under the Association 
responsibility. Participation in the RF ITER like antenna, the conceptual design of a Passive Active 
Multijunction antenna and the conceptual study of ergodic coils are activities which have been pursued during 
the last two years, although the latter two are currently on hold. Association staff has been and still is responsible 
for Task Forces at JET on a regular basis.  

 

Plasma theory and modelling - In this domain, the Association has had a very active attitude by 
increasing internal forces, by making efforts to attract the French public research community in these activities 
and by participating strongly in the European Task force for Integrated Tokamak Modelling (ITM). Among the 
various works carried out in collaboration, the remarkable evolution of the 5D gyrokinetic code GYSELA should 
be mentioned with the impressive simulation performed on the TERA high performance CEA computer, 
showing the dynamical evolution of the electric potential vortices and the effects of zonal flows on their growth. 
It is also worth noting progress in non-linear MHD modelling with the JOREK code, the unique features of 
which allow extensive modelling of Edge Localized Modes (ELMS) physics. The ITM activities have been led 
by the French Association during the first two years and then taken over by the Swedish Association. 

 

Technology - The Association has pursued its activities in its main fields of competence and interest, 
primarily: magnets, plasma facing components (PFCs), HF technology (ICRH and LH), diagnostics, and has 
pursued other activities at a lower pace: ECRH, NNBI, fuelling … Since the decision for the ITER site, the 
intention of the Association is to play a leading role in the first kind of activities and to participate at a lower 
level in the second ones. In the domain of magnets, work has been more and more oriented towards the ITER 
components and more recently the Broader Approach conceptual design. The testing of PFCs has been identified 
as an issue for all actively cooled devices. Therefore, the Association has developed advanced methods for both 
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control at the fabrication level (IR test stand) and operation level (in situ IR imaging). The Association 
participates in Tore Supra and JET antenna design for both ICRH and LH systems as well as in the ITER Design 
Review. In all these topics, the human forces and experience are fragile and strengthening with new blood should 
be pursued firmly and urgently. 

 

Collaborations - Following the ITER signature, there has been a particular effort in France to 
establish organizations intended to take care of the educational activities in fusion science and engineering and to 
enhance collaborations between the French public research organizations. This has resulted in the creation of a 
National Federation for Fusion Science Education and a National Federation for Magnetic Fusion Research 
which are expected respectively to drag good students and to draw forces from the national academic research to 
fusion. Beside the EU or the French frameworks for collaborations, there is a growing demand from Asia. In 
particular, China is progressing fast and has actively managed to intensify its relation to the Association. Korea 
shows a similar attitude, although at a slower pace. India is now following the same path. In all respects, the 
Association can bring important operational experience to ease the start of the superconducting tokamaks EAST, 
KSTAR and SST1. Limited human forces and the new perspective of JT-60SA, in the frame of the Broader 
Approach, will necessarily limit our involvement in these programmes.  

 

To conclude this foreword, it should be said that the last two years have been an extremely active 
period in all domains of fusion science and technology for the Département de Recherche sur la Fusion 
Contrôlée and the Association EURATOM-CEA pour la fusion. Progress in many areas has been achieved and 
has also resulted in increased staff experience. Tore Supra remains today (and for some more years) the only 
tokamak capable of running long pulse high performance discharges and offers unique possibilities to simulate 
technological conditions relevant for ITER and for training purposes. Finally, the Association will manage to 
concentrate on its domains of largest experience in order to fulfil its missions in the context of the European 
effort for fusion, and particularly ITER and the Broader Approach.  
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2. SCIENTIFIC ACTIVITIES 
 

2.1. EXPERIMENTAL STUDIES 
 

2.1.1. Tore Supra 
 

In the years 2000-2004, the operational and scientific programme of Tore Supra has followed a very 
clear and relatively simple path: after the substantial upgrade of the CIEL project, the main priority was the 
commissioning of the new plasma facing components. The first step of this process implied a substantial revision 
of the operation modes of the machine, due to the presence of new elements, such as the toroidal limiter with its 
support structure, new diagnostics devoted to safety, and a substantial redistribution of the thermal charges, on 
the new actively cooled components. The second step was the attainment of a significant amount of injected / 
removed energy, which was identified as the symbolic target of 1 GJ, i.e., 3 MW injected in discharges of 
duration exceeding 6 min. This target also allowed obtaining significant scientific results in the domain of the 
physics of non-inductive discharges, particle transport, MHD and deuterium wall retention. The third step was 
the increase of the injected power, on shorter discharges (but still on times longer than the current redistribution 
time). The target for this phase was identified in 10 MW – 10 s, which was attained in 2004. This phase allowed 
the exploration of an operational domain of the highest interest for ITER and reactor applications: the combined 
use of ICRH and LHCD systems at significant injected energy level poses specific problems of antenna-plasma 
edge interactions that can presently be fully tackled on Tore Supra only. The bonus of this type of experiments 
was related to the simultaneous presence of electron and ion tails in plasmas at Ti ~ Te, with specific MHD 
phenomena that have been investigated using, in particular, the new X-mode reflectometry system that was made 
available at the same time. 

The experimental campaigns in 2005-2008 correspond to the beginning of a progressive preparation to 
the future phases of high-power operation (foreseen after 2009), that will be made possible by the completion of 
the CIMES project, with its substantial upgrade of the CD power (≥ 6 MW of LH power coupled to the plasma). 
In this respect, the years 2005-2008 should be regarded as a transition time, in which the main goal is to prepare 
scenarios suitable for reliable Tore Supra operation at a power level approaching 15 MW in 30 s pulses, or in 
longer pulses at reduced power level. Therefore, the scientific programme of Tore Supra during this crucial 
transition period has been oriented along four main lines: 

1.  Plasma scenario development: search for scenarios and operational limits for high power 
coupling in long Tore Supra pulses.  This includes thorough investigation of antenna-plasma 
edge interactions, disruption limits, fast particle behaviour, etc.  

2.  Real time control techniques: studies of real-time control techniques in integrated high-
performance scenarios, both for operational safety and for scenario optimisation (current 
profile control for ITB maintain, etc.). 

3.  Deuterium retention studies: complete the studies of deuterium retention and carbon erosion, to 
arrive at a full assessment of the behaviour of actively cooled plasma facing components 
subject to large heat and particle fluxes, for times of exposure to plasma comparable to those 
of ITER discharges. This includes both an extensive programme of plasma discharges and 
detailed laboratory analysis of the composition and properties of the deposits. 

4. Fusion physics topics: the search for the scenarios with fully non-inductive discharges 
naturally places the Tore Supra plasmas in a parameter range that is interesting for fusion 
physics studies, such as transport and confinement physics at Te/Ti ~ 1, turbulence studies in 
the same regimes, and dynamics of carbon deposits, MHD associated to fast ions and 
electrons, plasma fuelling at high Greenwald fraction, non-linear interplay of ITBs and non-
inductive CD, etc. This part of the programme also takes advantage of the specific diagnostics 
available, as well as of the theory and modelling expertise, to investigate the most relevant 
fusion physics subjects.  Examples are the physics of non-inductive discharges, the MHD 
associated to fast ions and electrons, the physics of Te/Ti ≥ 1, the parametric dependences of 
transport coefficient and turbulent fields, the start-up scenarios assisted by ECRH, etc. 

The experimental campaigns 2005, 2006 and 2007 have followed these programmatic lines. The 
campaign 2005 has been mainly oriented to real-time controlled integrated scenarios; high-power coupling has 
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been the main subject of the 2006 campaign. Retention studies have been developed all the time, culminating in 
a dedicated 3-weeks campaign in spring 2007, with the aim of loading the toroidal limiter with deuterium in a 
controlled way. Physics studies on the items listed above and many more have of course accompanied these 
programmes, and will be strongly reinforced in the second phase of the 2007 campaign.  

Considerable progress has been accomplished towards reliable and safe operation at high power levels 
in an actively cooled PFCs environment. Discharges lasting several resistive times, with combined LHCD and 
ICRH at high power level, in plasmas close to the Greenwald limit and Ti close to Te have been obtained. 
Improved confinement has been maintained together with q(0) ~ 1.5 for durations up to 20 s. An advanced 
scheme for the physics and operational integration of plasma scenarios has been developed, and discharges at 7 
MW total injected power level have been controlled in an MHD stable region for 60 s. Limitations have been 
encountered when approaching the 10 MW – 10 s level, related to hot spots on the antennas, RF-induced density 
perturbations in front of the LH couplers, fast particle losses due to ripple, fast electron acceleration near the LH 
grills, disruptions due to carbon deposits and dusts leaving the plasma facing components during the power 
application, etc. It was soon clear that multiple feedback controls are needed for both the machine safety and the 
reliable operation in those conditions. Further limitations can of course come from core physics phenomena, 
such as resistive MHD, which could both affect the steady state aspect of the scenarios, and limit their 
confinement performances.  

Besides these activities, Tore Supra has produced a broad variety of scientific results bringing new 
insights on more fundamental issues. For example, the unique capability of the reflectometry system has allowed 
detailed studies of particle and energy transport, and a weak dependence of confinement with β is confirmed by 
fluctuation measurements. Operation at densities above the Greenwald density has been obtained for duration of 
several seconds, using the repetitive pellet injector. Detailed measurements of the scrape-off layer modification 
induced by RF waves have been performed. A new mechanism is proposed to explain the deuterium retention 
observed in long pulses. Analysis of large parallel flows in the SOL lends credence to the hypothesis that the 
SOL is fed by long range transport events created near the outboard mid-plane.  

The four following sections give a more detailed overview of Tore Supra experimental activities from 
November 2004 to April 2007, on ‘Plasma operation and control’ (section 2.1.1.1), ‘Plasma scenario 
development’ (section 2.1.1.2), ‘Confinement and Transport’ (section 2.1.1.3), ‘Scrape off Layer Physics’ 
(section 2.1.1.4)., and ‘Plasma-Wall Interaction’ (section 2.1.1.5). 

 

2.1.1.1. Plasma operation and control 

2.1.1.1.1. Integrated control for handling localised heat loads on RF antennas  

High combined (ICRH + LH) RF power operation has shown that the crucial plasma facing 
components issue in an actively cooled environment is to handle localized heat loads, mainly on RF antennas or 
walls, due to fast particle losses or to near field RF effects. A safety strategy using the IR thermography system 
has been designed and used successfully to safely operate at high heating power injection level. The strategy is in 
3 steps:  

1.      Determine what the safe domain of operation is, i.e. produce a map of the maximum allowed 
temperatures for each PFC component;  

2.        Understand the physics mechanisms that produce the overheated spots (actuators, to be used in 
a control loop), and determine the parametric dependences of the hot spots temperature; 

3.         Use the IR system in a feedback loop to maintain the component in the safe domain.  

1. Safe domain of operation 

Operating instructions give the maximum allowed temperatures for all the components covered by 
infrared cameras. A maximum temperature, based on the design calculations, is given for the private limiters 
(CFC) of the antennas, the Faraday screens (stainless steel with B4C coating) of the ICRH antennas and the 
mouth (copper) of the LH launchers. 

2. Physics mechanisms producing the overheated spots. 

The physics mechanisms generating the localized heat loads on RF antennas have been identified. The 
detailed study of the IR images of the ICRH antennas yields that at least four different phenomena can arise 
during combined ICRF + LH heating (Figure 2.1.1). These can be detailed as follows: 
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-       The formation and rectification of an RF sheath, which leads to the production of ions with 
energy up to several hundreds eV. Calorimetric measurements of the Faraday screen indicate 
that the power lost by local ICRF effects scales with PRFlocal

1/2 and accounts for ~ 1.5% of the 
launched high power. 

-        Fast electrons accelerated by Landau damping in the near field of the LH antenna, which can 
produce beams of electrons up to ~ 2 keV. These fast electrons can intercept the ICRF antenna 
side limiters when this antenna is protruding with respect of the LH antenna. 

-         The conducted/convected power from the plasma, which is mainly handled by the side limiters 
of the antennas. However, the calorimetric data of an LH antenna yields that ~ 1% of the 
conducted/convected power is absorbed on the antenna itself. 

-         Interaction by fast ions (~ 500 keV), created by ICRF in the hydrogen minority heating scheme, 
and most likely caused by a combination of wide orbits and ripple induced stochastic diffusion 
due to the strong magnetic ripple in Tore Supra. 

 
 
Figure 2.1.1 - IR image of an ICRF antenna during combined ICRF + LHRF heating. Zones for which a specific mechanism 

dominates are indicated (yellow: RF sheath effect; purple: fast electrons from LHRF antenna; red: conducted/convected 
power; green: fast ion ripple losses) 

 
3. IR system in a feedback loop.  

Interactions between RF antennas, either in a pure ICRH scenario, or in a combined ICRH + LHCD 
scenario have been demonstrated. Strategies aimed at limiting the localized heat loads have been implemented in 
a real time control loop. These strategies are designed to work in a selective way, using the appropriate actuator 
for each localized heat load (Table 2.1.1).  

The interpretation of the thermography measurements in terms of surface temperature in an 
environment with poorly adherent carbon layers and with reflections from metallic components is a crucial issue. 
Indeed, when measuring a temperature above the safety limit, the safety system has to discriminate between the 
real temperature of the substrate, or just a high temperature due to ‘spurious’ effects such as carbon deposited 
layers or flakes of boron carbide that progressively detach from the Faraday screen box of ICRH antennas. In 
both cases, the thermal connection between the spurious zones and the heat sink is weak: as a result, the surface 
temperature of these spurious zones rises up to equilibration between heating by the incident flux and radiative 
cooling or sublimation, without any consequence for the PFCs. However, if not properly treated, the high surface 
temperature measured on these spurious zones would cause the IR safety system to unduly decrease the injected 
heating power level. To cope with this effect, the following procedure is adopted. Reference discharges are 
repeated every two weeks to identify spurious areas that can appear and evolve along an experimental campaign. 
In these discharges, the plasma parameters are always the same and every antenna is successively fired at modest 
power level (1 MW). By comparing the time behaviour of IR signals in these discharges, new spurious zones are 
readily identified. This is illustrated in Figure 2.1.2, displaying the time evolution of the surface temperature of 
an area of interest for four reference discharges in which the ICRH antennas are successively fired: the two last 
reference discharges (red & black curve) clearly display a different behaviour, indicating that a new boron 
carbide flake appeared on the Faraday screen box of the last fired antenna. This type of investigation is 
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complemented by time analysis of the temperature decay time of the area. The identified spurious zone (some 
pixels) is then excluded from the monitored area. 

 

TABLE 2.1.1 – STRATEGY USED BY THE REAL TIME CONTRO LLER 
TO KEEP PFCS TEMPERATURES BELOW OPERATIONAL LIMITS 

PFC localisation Interaction Mechanism 
Action taken by 

controller 

Wave 
guides 

arcing - 
Power reduction on 
antenna where arcing 
occurs 

antenna 
side 
protection 

Antenna on 
itself  

Fast electrons 
accelerated in 
antenna near field 

Power reduction on 
antenna   

 L
H

 a
n

te
n

n
as

 

Wave guide 
below 
equatorial 
plane 

ICRH on 
LH antenna 

Fast ions produced by 
ICRH 

Power reduction on all 
ICRH antennas 

IC
R

H
 

an
te

n
n

as
 

Antenna 
side 
protection 

LH on 
ICRH 
antenna 

Fast electrons 
accelerated in near 
field of the LH 
antenna 

Power reduction on all 
LH antennas 

 

 

 
 

Figure 2.1.2 - Time evolution of the surface temperature of an area on an ICRH Faraday screen box for four reference 
discharges (top box). Each ICRH antenna is successively fired (bottom box) 

 

The IR safety system is now used routinely on Tore Supra (Figure 2.1.3), allowing safe operation up 
to heating power levels in the range 10MW - 30s (9.8MW injected for 28s, limited only by flux consumption), 
and allowing the development of integrated control scenarios (see further). 
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Figure 2.1.3 – Example of the IR safety control. First ICRH and then LH power levels are decreased when the surface 

temperature rises 
 

2.1.1.1.2. Power load on first wall components 

Tore Supra plasma facing components are actively cooled through a pressurized water loop. A 
dedicated calorimetry diagnostic (platinum probes and flowmeters) measures the energy extracted by each PFC 
separately. Most PFCs are monitored by IR thermography to measure their instantaneous power load. In order to 
estimate the power load on those components that are not monitored by IR thermography, a new method for 
deconvolution of calorimetry measurements has been developed   

The thermohydraulic response of the components is used to take into account the heat transfer time in 
the full hydraulic circuit. Figure 2.1.4 shows the time evolution of the power extracted from the toroidal limiter 
(in blue), and of the power deposited on the same component, obtained by the new deconvolution technique (in 
green). Due to the integration effect introduced by the calorimetry measurements (the measurements are done 
several metres away from the limiter), the extracted power measured at the exit of the limiter circuit does not 
evidence any large peak before the deconvolution is done. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.1.4 – Time evolution of the power extracted from the Toroidal Pump Limiter (in blue), and of the power deposited 
on the same component (in green) obtained by the new deconvolution technique 
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2.1.1.1.3. Plasma start-up with ECRH 

ECRH pre-ionisation and assisted start-up will be necessary in ITER due to the low electric field 
available (≤0.3 V/m). Experiments on this topic have been started recently on Tore Supra to provide further 
inputs and improve confidence in plasma start-up simulations for ITER. 

Plasma start-up with ECRH at first harmonic in O-mode (ITER foreseen conditions) has been 
successfully obtained with a toroidal electric field down to E ~ 0.25 V/m. Figure 2.1.5 shows the comparison of 
the current ramp up phases for standard ohmic initiation at high loop voltage (~ 20 V) and for reduced loop 
voltage initiation (~ 4 V) with and without ionisation induced by ECRH. 

 

Figure 2.1.5 – Current ramp-up for standard initiation (TS-39668) and reduced loop voltage with (TS-39695) and without 
ECRH (TS-39698) 

 
 

Further experiments are planned to fully map Tore Supra plasma initiation operational domain. As 
previously observed in other fusion devices, the use of ECH at fundamental resonance during the plasma start-up 
is very efficient for producing plasma. On the other hand, the location of the region of formation of the current 
channel seems more sensitive to the ‘stray’ poloidal magnetic field rather than the EC resonance location, thus 
suggesting further optimisation of the method. 

 

2.1.1.1.4.     Mitigation of disruptions 

The experimental programme aimed at mitigating the disruptions using massive gas injection in view 
of an application on ITER has started. The aim is to reduce the forces induced in the mechanical structures, and 
to reduce the production of high energy runaway electrons (~10MeV). 

The massive gas injection system, developed by the Association, has been used for the first time in 
Tore Supra during the fall of 2004. Up to 500 Pa.m3 are injected in 5 ms. First experiments with massive helium 
injection have shown that: 

- The production of runaway electrons is completely suppressed, as indicated by the absence of the 
photoneutrons that are usually generated by the disruption (Figure 2.1.6). This is due to the outshift of 
the drift surfaces; the increased viscosity and collisionality then prevents the fast electron tail to be 
decoupled in the electric field produced by the disruption. 

- The disruption forces are reduced by a moderate factor, 10 to 30%  

- Massive helium injection does not slow down the runaway electrons once they are produced. Helium 
has to be injected prior to their formation. 

Neon and argon injections have also been tested, to increase radiation and spread the power load 
during the disruptions. Due to the higher cooling rate of argon compared to that of neon, lower levels of argon 
injections produce a bigger effect on disruptions: the plasma current decays faster with argon (by a factor of 4, 
10 ms compared to 40 ms, fig. 2.1.7), and the current in the mechanical structure of the limiter is reduced by a 
factor of 2 (few % reduction only with neon injection). However, argon injection does not significantly modify 
the production of runaway electrons. 
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Figure 2.1.6 – Post-disruptive photoneutron production as a function of plasma current indicates that runaway electrons 

formation is suppressed by helium massive gas injection (MGI). 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

0 10 20 30 40
0

0.1

0.2

0.3

0.4

0.5

0.6

TS#38527 @ 18.311

Ip (MA) 

ILPT*5 (MA) 

t - tdis (ms) 
 

 
Figure 2.1.7 – Plasma current and current flowing in the LPT during an Ar mitigated disruption 

 

Collaboration on this subject has started in 2006 with the RRC Kurchatov Institute in Moscow 
(Russia). These experiments will continue in 2007-2008, with the aim of better understanding the physics 
mechanism, and proposing a mitigation scenario that can be extrapolated to ITER.  

 

2.1.1.2. Plasma scenario development 
A large part of the experimental programme has been devoted to the preparation of the high 

performance scenario, aiming at achieving long pulses with electron densities close to the Greenwald limit and 
significant bootstrap fractions. It therefore uses combined LHCD and ion cyclotron resonance heating (ICRH), 
and eventually requires the full LHCD power capability planned in the CIMES project. In preparation of this 
scenario, two directions have been explored: an H-minority scenario (57 MHz/3.8 T), and a FWEH scenario (48 
MHz/2.2 T). The repetitive pellet injector scenarios at densities higher than the Greenwald density limit have 
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also been investigated. Finally, a strong effort has been devoted to the investigation of control schemes for 
steady state scenarios. 

 

2.1.1.2.1. Minority H heating scenario 

Tore Supra has the possibility of employing minority ICRH as the main heating system of the plasma, 
while using LHCD and ECCD, at a lower power level, to control the current density. By carefully dosing the 
minority concentration and by working at high density, close to the Greenwald limit, the ratio of the electron 
temperature (Te) to the ion temperature (Ti) is varied substantially, in the range 1–5 or more. ICRH also induces 
moderate plasma rotation, without significantly contributing to the plasma fuelling. This type of scenario, if 
developed on times longer than the resistive time, and eventually in steady state, will combine elements of 
relevance for ITER steady-state operation (dominant electron heating, low momentum input, decoupling of 
particle fuelling, bootstrap enhancement and non-inductive current drive).  

An example of a discharge of this type is shown in Figure 2.1.8. The main plasma parameters are the 
following: major and minor radii R0 = 2.4 m, a = 0.72 m; magnetic field B0 = 3.8 T, plasma current Ip = 0.9 MA, 
line averaged density ñe = 5×1019 m−3. A total power in excess of 10 MW was injected, mainly by ICRH at 57 
MHz in the H/D minority scheme (8.4 MW), plus 1.4 MW of LHCD at 3.7 GHz and a small ohmic contribution 
(0.3 MW).   

WdiaWe

We
RLW L-mode
ITER-L

(MJ)

Ptot

PICRH
PLH

(MW)

q(0) βN ~1
fG ~ 0.8

 

Figure 2.1.8 - Time traces of discharge #33612. In the top box: powers in MW; in the middle box: normalized beta and 
Greenwald fraction; in the bottom box: energy from diamagnetic measurements (Wdia), and from kinetic measurements (Wth) 

and corresponding quantities from the ITER L-mode scaling 
 

 

In this scenario, with a minority concentration of ~ 12%, 55% of the ICRH power absorption is 
absorbed by the ions and 45% by the electrons, as computed by the PION code, run in the framework of an 
interpretative transport simulation performed by the CRONOS suite of codes. Globally, this discharge has still 
dominant electron heating, because of the LH and ohmic parts: 55% on the electrons versus 45% on the ions. As 
a result, the average ion temperature is very close to the electron one, and also the radial profiles are similar, as 
shown in Figure 2.1.9, except in the very central part, due to the LH power deposition profile. The electron 
temperature is measured by the ECE radiometer and by Thomson scattering, and the ion temperature profile is 
measured by charge exchange recombination spectroscopy (CXRS). For this discharge, the parameters fG (ratio 
of the line-averaged density to the Greenwald density) and Ti /Te are very close to those of a standard ITER 
steady state operation scenario. The stored energy exceeds the ITER thermal L-mode scaling, which is well in 
agreement with the scaling of the Tore Supra L-mode discharges. In these high density discharges using the high 
minority scheme, the energy stored in the fast particles is negligible (less than 10% of the total stored energy as 
estimated from kinetic measurements). Neglecting the fast particle contribution leads to a thermal improvement 
factor of 1.5. On the electron channel, confinement is also improved with respect to the Rebut–Lallia–Watkins 
scaling. The bootstrap fraction is ~ 15%.  
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Te Ti

 

Figure 2.1.9 - Measured Te and Ti profiles during the stationary phase of discharge #33612 
 

However, increasing the power above 9MW (>10s) proved to be delicate and could only be done after 
lengthy plasma operation. The 2006 experimental campaign was focused on high RF power operations over long 
duration with the objective to be able to couple 10 MW in a routine way. Therefore phenomena related to 
plasma-antenna interaction during high power, long duration discharges were extensively studied. This is of 
interest in view of developing RF antennas for ITER, where both the ICRH antenna and LHCD launcher should 
be able to couple 20MW each. Phenomena that can affect the performance of the antennas include density 
modifications in the scrape-off layer (SOL), as they affect the wave coupling and localised heat load on the 
antennas due to the strong electric fields. In addition, loss of fast ions from the plasma core is another source of 
heat load on the antennas. 

It is now well known from experiments in JET, Tore Supra and more recently Alcator C-Mod that the 
LH wave coupling can be strongly modified in the presence of ICRH power from antennas magnetically 
connected to the LHCD launcher. In Tore Supra, the LH wave coupling can either deteriorate or improve. This is 
illustrated in Figure 2.1.10 for two discharges in which only the relative radial distance (∆r) between the LHCD 
launcher C2 and the nearby ICRH antenna Q5 is varied. Optimisation of the LHCD and ICRH antenna positions 
is therefore required in order to find the optimum density that allows acceptable wave coupling without 
excessive heat load due to electron acceleration, as the IR security can limit the LHCD power, especially on the 
C2 launcher. 

 

Figure 2.1.10 - Temperature on the upper part of the side protection and reflection coefficient on the upper part 
on the LHCD launcher C2 for two discharges with different relative radial positions 

 

In addition, Figure 2.1.11 illustrates that poloidal asymmetries in front of the LHCD launcher are 
produced when a magnetically connected ICRH antenna is switched on. The four temperature traces correspond 
to each of the four waveguide rows (numbered from top to bottom) on the LHCD launcher. The Figure shows 
that an increase in density is obtained on the upper part of the launcher, while a decrease is seen on the lower 
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part. These measurements indicate areas of over-dense and under-dense regimes around the powered ICRH 
antenna. They are consistent with the density variation measured around the ICRH antenna (see 2.1.1.4.1). In 
particular, an over-dense regime is found close to the upper corner on the antenna due to sheath rectification 
processes. Depending on the magnetic connection with the LHCD launcher, an over-dense or under-dense 
regime may therefore be found. 

 

Figure 2.1.11 - Temperature at 4 poloidal locations on the side protections on the LHCD launcher C2 when operating alone, 
and in combination with 1MW from the nearby ICRH antenna Q5 

 

A retarding field analyzer (RFA) was used during lower hybrid (LH) current drive experiments to 
characterize the supra-thermal particles emanating from the region in front of the LH grill. In addition to fast 
electrons, attempts were made to measure fast ions accelerated due to a positive charge accumulated in front of 
the LH grill (and measured in the CASTOR tokamak). In the RFA, the plasma particles pass through a slit and 
two grids to a grounded collector. The slit (30 µm by 5 mm section, cut in a 150 µm nickel plate) is biased 
negatively (-50 to -100 V) to repel thermal electrons. All ions, as well as electrons with energy greater than the 
slit voltage, pass through the slit. Both grids can be biased to ± 1000V, allowing to scan the particles according 
to their energy, and separate the ions from the electrons (if their energies are less than 1000 eV). 

By varying the edge safety factor, the connection between RFA and the LH grill was optimized to 
obtain a maximum intensity of the fast electron beam. Clear indications of a fine poloidal structure were 
obtained for the first time. A strong variation of fast electron beam current with lower hybrid power was 
identified as shown in Figure 2.1.12. For high power levels (greater than 1 MW), the electron energy is greater 
than 400 eV. Fast electrons exist even at low power levels (between 0.5 and 0.75 MW), and their energy is lower 
than 400 eV. These fast electron energy limits are consistent with a simple model of electron acceleration in the 
near-field of LH antennas. After separating those fast electrons from the RFA signal, pure ion current is 
observed. No clear evidence of suprathermal ions was found on the ion current profiles. These original results 
are quite encouraging, and will be further explored in the near future. 

 

Figure 2.1.12 - Dependence of the fast electron and ion signal on LH power: a) ion grid +200V, electron grid at 0V; b) ion 
grid at 0V, electron grid at –400V. The first profile (black) is slightly shifted outward due to a slow movement of the plasma 

at the beginning of the discharge 
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Due to the strong magnetic ripple of Tore Supra (5.5% at the plasma frontier), fast ion losses are 
expected either by ripple well trapping (downwards on Tore Supra) or by banana orbit drift (by collisionless 
stochastic transport). The effect of the minority species concentration has been analysed. Figure 2.1.13-left 
shows the temperature increase of the ripple protections located at the bottom of the vessel, subject to the direct 
ripple losses. The dependence with the hydrogen minority concentration is in qualitative agreement with 
previous modelling. The temperature increase of the hot spot on the LHCD grill C3 has the opposite behaviour 
(Figure 2.1.13-right). The somewhat unexpected increase in heat load when increasing the hydrogen 
concentration above ~ 8% might be attributed to finite Larmor radius (FLR) effects, or to the fact that the 
number of energetic hydrogen ions increases, although their energy is lower than at lower concentrations. The 
Figure clearly shows an optimum in concentration that allows minimising the heat load on the LHCD grills, 
which is of course beneficial for high power operation.  

 

Figure 2.1.13 - Temperature increase of the ripple protections (left) and of the LHCD grill (right) during a scan in hydrogen 
minority concentration 

 

After a careful optimisation of the operational scenario, repetitive discharges at an injected power 
level of 9.5 MW during a flat-top phase of 26 s have been obtained (Figure 2.1.14). The plasma scenario was IP 
= 0.8-0.9 MA, BT = 3.8 T and ñe = 4.0-4.5x1019 m-3, which corresponds to a Greenwald fraction of ne/nGr ~ 0.8. 
All plasma parameters remain constant during the high power phase, in particular the impurities and radiated 
power, indicating no influx of impurities. The radiated power fraction corresponded to ~ 20% of the total input 
power. The high-density scenario chosen allows good coupling of the RF systems and at the same time allows 
reducing fast ion ripple losses. However, due to the limited LHCD power available (~ 3.5 MW), a full current 
drive scenario could not be obtained in this scenario. The upgrade of the LHCD system (CIMES project) will 
allow extending the regime to longer duration. 

CRONOS code simulations of these discharges indicate a LH power deposition profile located around 
r/a ~ 0.3-0.4 and an LHCD efficiency of 0.11x1020 Am-2/W, however with a remaining loop voltage of VLoop ~ 
200 mV. Suppression of sawteeth was not attained and the q = 1 surface was located at r/a ~ 0.15. 

 

Figure 2.1.14 - Repetitive discharges at an injected power level of 9.5 MW for 26 s, with combined LHCD and ICRH 
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2.1.1.2.2. FWEH scenario 

To reach plasma conditions with higher β, a Fast Wave Electron Heating (FWEH) scenario has been 
developed at low magnetic field (2.2T). High performance plasmas (central heating, high bootstrap fraction) had 
been obtained with this scenario before the implementation of the Toroidal Pumped Limiter (1996). This 
scenario requires that the major ion resonance layers are located outside the confined plasma. 

Up to 1.7 MW/antenna have been injected. Promising results have been achieved, including a 
bootstrap fraction estimated to be > 20 % (3 MW/0.45 MA). Up to 4.8 MW have been injected in a 0.45MA 
plasma, with βp = 0.82, results which is similar to that obtained in 1996 (Figure 2.1.15). In this scenario, multiple 
pass is required for a good wave absorption (< 10% absorption per pass is achieved). Reaching higher injected 
power levels has been limited by the production of metallic impurities, which is measured to be higher in this 
scenario than in the H minority heating scenario. The actual reasons of this behaviour are under investigation.  

 

Figure 2.1.15 - βp versus normalized FW power (the circles are the new results) 
 

2.1.1.2.3. Pellet injection scenario above Greenwald density 

Achieving simultaneously high density and high energy confinement is required for high performance 
plasma operation: one of the ITER operating windows corresponds to a fraction of Greenwald density of 0.94. A 
degradation of the energy confinement is usually reported in present tokamak devices, with gas fuelling, when 
approaching the Greenwald empirical density limit. However, several experiments have demonstrated that this is 
not an absolute limit, as higher densities may be achieved when the effective fuelling source is localized deeper 
into the plasma core. Experiments aimed at producing densities above the Greenwald density have been 
performed on Tore Supra (Figure 2.1.16) using pellet fuelling. Stable plasma operation has been maintained 
during up to 6s with a fraction of Greenwald density of 1.2, without triggering any instability and without any 
noticeable increase in the radiated power fraction. No loss of confinement is observed, compared to the L-mode 
Tore Supra scaling, and the density profile is stable during the high density phase. Particle transport in these 
plasmas is being analysed, using the codes JONAS for the calculation of the recycling particle source, 
CRONOS, and pellet ablation models. 

Series of experiments have been performed to characterise the dependence of the E×B drift 
experienced by the ablated particles. The pellet particle deposition profile is measured with the interferometry 
and reflectometry diagnostics. Scans in plasma current, electron density, level of additional power, and pellet 
penetration depth have been performed. 

The results show the role of the rational magnetic surfaces on particle transport during the E×B drift: 
particle transport is slowed down as particles cross a rational surface (integer or half integer safety factor). The 
position of the particle deposition is observed to change sharply whether the pellet crosses or not the rational 
surface (Figure 2.1.17). 

This result may mitigate the benefits of the high field side pellet injection scenario: besides it is more 
difficult to implement on a tokamak, and it does not allow very high speeds of the pellet, the expected favourable 
particle drift may vanish away at the first rational surface. 
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Figure 2.1.16 – Top to bottom: measured and target electron density – diamagnetic energy, measured and predicted energy 
confinement time – ratio of plasma density to Greennwald density – TS pulse #37133 
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Figure 2.1.17 - Position of particle deposition versus pellet penetration 

 
 

2.1.1.2.4. Integrating operational controls for steady-sate scenarios 

In fully non-inductive discharges, it is frequently observed that, even after several minutes, a 
bifurcation occurs into a regime in which a strong permanent MHD activity develops. This so-called MHD 
regime degrades fast electron confinement as well as LHCD efficiency and confinement in the plasma core. In 
these discharges, the current profile is globally peaked, but hollow in the narrow core region r/a ≤ 0.2: saturated 
tearing modes are often observed with deleterious effects only when full reconnection of double tearing modes 
occurs. A map of the resistive MHD properties has been drawn as a function of BT, Ip and the parallel index of 
the LHCD waves (N//), allowing to identify the favourable regions for fully non inductive operation. However, 
these favourable regions are rather narrow and a strong effort has been undertaken to develop and validate real 
time (RT) tools to control the current profile and prevent the plasma to enter the deleterious MHD regime. An 
example of these maps is shown in Figure 2.1.18. The regions between the dashed lines and the solid lines at 
their left are expected to be strongly favourable to the development of the MHD regime. 
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Figure 2.1.18 - MHD regime limits in the (Bvac, Ip) diagram (n// =1.7): frontiers qmin=2 and 3/2, and helical flux at the outer 
resonant surface ψout = 0 for (2,1) and (3,2) modes, from reference pulses. Also shown: the domain explored experimentally 

without the MHD regime, and the points at which this regime is triggered 

 

First experiments have been conducted at low plasma current (Ip = 0.6 MA), moderate plasma density 
(ne0 = 2.5 1019 m-3) and low loop voltage (Vloop = 60 mV). At such plasma parameters, 2.5 MW of LHCD power 
are sufficient to drive 90% of the plasma current. Past experiments, have documented the dependence of the 
current profile with the parallel index N// of the LHCD waves. It was shown that the q profile broadens as the 
parallel index is departing from its peak value of 1.85 for which the spectrum of the LHCD wave is the most 
unidirectional. In the present experiments, the broadening of the deposition of the LHCD wave is this time 
controlled directly by the parallel index. The measurement of the LHCD deposition profile is made using the 
hard X-ray emission (HXR) diagnostic (59 detectors distributed in two cameras). This system is capable of 
discriminating the energy of the bremsstrahlung emission in 8 different energy channels. For the real time 
measurements of the LH-deposition profile, the 60-80 keV energy channel is used since it is characteristic of the 
non-thermal HXR emission produced by the LH wave. Finally, these experiments have to be conducted at 
constant loop voltage: if not properly taken care of, the variation of N// modifies the LHCD efficiency thus the 
ohmic current that participates then to the change of the overall current profile. To minimise this effect, the 
feedback control of the HXR width has been coupled with the control of the ohmic current routinely used in Tore 
Supra long pulse experiments: the plasma current is controlled by LHCD power level and flux consumption 
(V loop fixed at 60 mV) by the main poloidal field amplifier voltage. This “triple control” scheme has been 
successfully applied, as illustrated in Figure 2.1.19: the requested HXR width is varied in three different steps 
lasting about 10s each (~2 times the resistive time) while the plasma current and loop voltage remain constant.  

These current control experiments have been extended to higher density (ne0 = 3.5 1019 m-3, fG = 0.65) 
and higher power level by adding ICRH heating. In these discharges, the current profile control feedbacks have 
been successfully integrated with the RT IR safety system described in section (Figure 2.1.20). The integration 
of various and evolving RT controls is eased by the RT architecture implemented on Tore Supra. All sensors and 
actuators are connected to a shared memory network, as well as dedicated control units where specific control 
schemes are implemented. The control units receive the real time information from the sensors and calculate the 
requests to be sent to the actuators. Using the integrated RT controls, discharges up to 7 MW total injected power 
have been maintained in an MHD stable region for 60 seconds, while maintaining the RF launchers temperature 
in the safe domain. Such experiments are pioneering the integration work that will be required on ITER when 
combining several types of control for global performance, profile shaping, plasma stability and PFC protection. 

On the basis of the experimental power flux analysis, the seven infra-red cameras monitoring the five 
antennas and the toroidal pumped limiter have been used for real time protection and combined successfully to 
LH deposition profile and loop voltage control schemes.  
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Figure 2.1.19 - Triple control of Ip by PLH (boxes 1 & 2), HXR width by n// (boxes 3 & 4) at constant loop voltage using the 

voltage of the primary circuit (arrows: the requested waveform) 
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Figure 2.1.20 - Combined control of the LH deposition profile (a) with IR limit avoidance for the PFCs. In (b) the IR 
avoidance limit scheme acts on one LH launcher as the temperature reaches its limit of 700°C. 
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2.1.1.3. Confinement and transport 

 

2.1.1.3.1. Parametric dependence 

The parametric dependence (β, Ti/Te) of the local transport coefficients has been studied using the 
density fluctuation measurements by reflectometry. These studies complete and confirm previous results (O-
mode versus X-mode reflectometry comparisons), and at the same time participate in the progress of the use of 
this diagnostic.  

Inside the q = 1 surface, a progressive peaking of the electron density is observed in ohmic discharges 
during the recovery phase of sawteeth (Figure 2.1.21). Such a structure has been observed so far only in Tore 
Supra. Using repetitive measurements (the dwell time between two reflectometry profiles was reduced to 5 µs), 
the time evolution of this peaking has been recorded. Starting from a flat density profile after a sawtooth crash, 
the density increases linearly on the magnetic axis during the recovery phase, while it remains flat around the q = 
1 surface. This peaking can represent up to 10% of the central density, its width is typically 15 cm, while the flat 
region extends beyond the q = 1 surface. From the density build-up evolution at several locations inside the q = 1 
surface, it is possible to derive the particle transport coefficients. It is found that the inward pinch velocity (≈ 
0.1 m/s) is of the same order as the Ware pinch. The diffusion coefficient (0.05-0.1 m2/s) is substantially lower 
than in the gradient zone and is consistent with a very low level of density fluctuations measured inside the q = 1 
surface. It is worth noting that the density build-up disappears in plasmas with dominant non-inductive current 
drive where the Ware pinch vanishes and/or with high auxiliary heating power where the fluctuation level 
increases and anomalous pinch velocity dominates. 

 

Figure 2.1.21 - Time evolution of the electron density build-up during a sawtooth recovery phase 
 

The effect of β (ratio of plasma pressure to magnetic pressure) on confinement has been studied in L-
mode. This scenario should give non ambiguous indications about the scaling of the core confinement, since the 
contribution of the pedestal is removed in these experiments. Two sets of matching discharges have been 
obtained, one at βN = 0.5 (BT = 3.8 T) and the other at βN = 0.2 (BT = 3.2 T), with constant profiles of the other 
dimensionless parameters. Both global confinement time and effective diffusivity show a very weak degradation: 
a β exponent of -0.2 ± 0.15 for global confinement and -0.2 ± 0.4 for effective diffusivity, compared to -1.4 for 
the ITER L-mode scaling law. This result is confirmed by density fluctuation measurements. Thanks to the large 
operating band, the X-mode reflectometers accessibility allows an overlap of fluctuation profiles in the area -0.5 
< r/a <0.5 for the two sets of discharges. Figure 2.1.22 shows the fluctuation level profiles for the two 
discharges. The fluctuation level does not change with β outside the q = 1 surface, in the gradient area, which is 
the major contributor to the global confinement properties.  
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Figure 2.1.22 - Density fluctuation profiles for two discharges of the β scaling experiment 
 

2.1.1.3.2. Central electron temperature oscillations (O-regime) 

Non-linear oscillations of the central electron temperature have already been observed and reported in 
a low density regime with 2.5MW of LHCD power and a reversed shear. These oscillations are attributed to the 
interplay between the electron temperature profile (internal transport barrier) and the magnetic shear. A 
transition to a higher electron temperature regime, characterized by a high value of the normalized electron 
temperature gradient ρ*T, is sometimes observed for higher injected LHCD power level. In 2005, experiments 
have been performed to control ρ*T in a real time feedback loop, using the injected LHCD power level as 
actuator. The expected temperature transition has actually been observed at high LHCD power.  

ECRH is also used to control this regime, and a local modification of the current profile may then be 
triggered. A detailed analysis, using the current reconstruction profile calculated by the code CRONOS, has 
shown that the structure of the magnetic shear perturbation induced by ECCD is a crucial factor in determining 
the dynamics of the non-linear oscillations. In particular, it has been observed that:   

-         Co-ECCD deposited at r/a = 0.22 may trigger the O-regime. 

-        Less than 300kW co-ECCD deposited at r/a = 0.06 in the O-regime may trigger a transition to 
an internal transport barrier (Figure 2.1.23). This result suggests that, even at low power level, 
ECCD may be an efficient tool to control the O-regime, opening the way to real time control 
experiments of the current profile in improved confinement regimes with the available Tore 
Supra ECCD power level (~ 600 kW). 

 

Figure 2.1.23 – Stabilisation of the temperature oscillations using ECCD 
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2.1.1.3.3. Z dependence of impurity transport in LH heated plasmas 

Four impurities (Al, Cr, Ni, and Ge) have been injected into LH heated sawtooth-free Tore Supra 
plasmas. The 1D transport analysis shows the existence of a central zone (r/a < 0.2) where diffusion is strongly 
reduced and convection strongly inward, leading to very peaked impurity density profiles. In the central zone, 
the neoclassical peaking factor vNC/DNC is compatible with the experimental one for Ge but the Z dependence of 
the peaking factor is not the observed one. Moreover, the soft X-ray brightness analysis indicates a decrease of 
the impurity confinement time (from 157 ms for Al to 113 ms for Ge) with increasing Z, contrary to the 
neoclassical prediction (Figure 2.1.24). The frontier location between the two zones, the turbulence quench in the 
central zone and the peaking factor in the outer zone are correctly predicted by two turbulent transport codes: the 
fixed gradient, linear gyrokinetic code QuaLiKiz and the fixed flux, nonlinear gyrofluid code TRB. Neither code 
predicts a Z dependence of the transport coefficients. The diffusion coefficient profile deduced from TRB is 
consistent with the experimental one while QuaLiKiz fails to reproduce the observation for r/a > 0.4, probably 
due to the suprathermal electron pollution of the Te gradient in the outer plasma. More experiments will be 
analysed in the near future to study the role of the heating scheme on the driving transport mechanism and the 
transport coefficient dependence on the impurity charge. 

 
Figure 2.1.24 - (a) and (b): electron temperature and density; (c) impurity average charge (collisional-radiative model 

without transport) ; (d) and (e): short and long time constants of central soft X ray decrease. 

 

2.1.1.4. Scrape-off layer physics 

2.1.1.4.1. Scrape-off layer modifications induced by RF waves 

ICRF-induced modifications of the scrape-off layer (SOL) have been mapped in 2D around one of the 
ICRF antennas using reciprocating Langmuir probes. When the probe head is magnetically connected to the 
powered antenna, modifications of the floating potential, the effective temperature and the ion saturation current 
are observed. The perturbations of the floating potential are located radially near antenna limiters, with a typical 
extension of 2 cm. Poloidally, they are minimum near the equatorial plane, and maximum near antenna box 
corners. Possible interpretations for increased effective temperature include localized electron heating and RF 
loop voltage along the probe circuit. All rely on the generation of parallel RF fields by parallel RF currents on 
the antenna structure. The topology of such currents could explain the 2D structure of the effective temperature. 
All interpretations also imply a positive DC biasing of the antenna environment. Differential biasing of nearby 
flux tubes drives DC ExB convection that could explain 2D density patterns (Figure 2.1.25). 
 
 
 
 



 

26 

 
Figure 2.1.25 – 2D map of the floating potential versus (δr, Zantenna) connected side. Dashed lines: side limiter radial 
position, and antenna box corner vertical extension. Arrows: sketch of vExB induced by the floating potential gradient. 

 

2.1.1.4.2. Flows in the Scrape Off Layer 

Large ionic flows, with velocities typically half that of the plasma acoustic speed, are systematically 
measured by Langmuir probes in the scrape off layer of tokamak plasmas with a diverted magnetic 
configuration. However, the flows predicted by theory based models using a poloidally uniform particle outflux 
through the last closed flux surface are much lower than the measured ones. A possible explanation of the 
experimental results may be that the particle flux out of the confined plasma, instead of being poloidally 
uniform, is concentrated at a given poloidal angle. Checking this hypothesis, in principle, would require 
changing the position of the electrostatic probe around the poloidal section of the torus, to measure the flows at 
different locations. In Tore Supra, the location of the main interaction between the plasma and the wall can be 
easily changed by moving the plasma around the circular vessel, which is equivalent to scanning the SOL with 
the probe. Such experiments have been performed on Tore Supra (Figure 2.1.26). They have shown that the 
particle outflux is concentrated on the low-field-side of the torus, and is most probably a turbulent flux. Flow 
measurements are consistent with our model calculations. When the contact point is on the plasma high field 
side, plasma flow seems to ‘fill’ the torus up to the wall, producing a very large SOL. On the other hand, when 
the contact point is on the plasma low field side, the particle outflux is rapidly neutralized on the limiters, and the 
SOL is very narrow. These experimental results do not depend on the magnetic configuration, they are valid for 
limiter as well as for diverted tokamaks, and they have been pointed out by the ITPA-DSOL group in view of a 
new physics research area for ITER.  

 
 

Figure 2.1.26 – Plasma configurations with different contact point between the plasma and the wall. 
 

2.1.1.4.3.     Modelling the power deposition in the divertor tile gaps 

The study of hydrogen isotope retention inside divertor tile gaps is the subject of much attention 
worldwide. It is estimated that a significant fraction of the total tritium retention in ITER will occur in tile gaps. 
Monte-Carlo calculations of neutral hydrocarbon molecules are often used to model the formation of 
hydrogenated carbon layers on the side walls of the gaps. The hydrocarbons are assumed to be emitted from the 
leading edges of the tiles, with imposed arbitrary background plasma. Until now, no self-consistent calculation 
of the plasma flow onto the leading edges and into the gaps was available. 
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A computer code to solve a kinetic model of plasma deposition in tile gaps was recently developed by 
the Association in collaboration with IPP-Prague. The calculation is 5-dimensional (2 spatial dimensions with 3 
components of velocity). An arbitrary orientation of the magnetic field can be specified in order to simulate 
realistic divertor geometry, with tile gaps either parallel or perpendicular to the toroidal axis of the tokamak. The 
self-consistent electric field is obtained from the solution of Poisson's equation. Physically correct boundary 
conditions for the injection of ion and electron distribution functions have been provided by numerically 
matching the plasma side boundary of the simulation to a quasi-neutral kinetic calculation of the one 
dimensional bounded scrape-off layer. This is a significant improvement over existing codes using arbitrary 
functions such as a shifted, truncated Maxwellian distribution. Realistic parameters as expected in ITER (plasma 
density, temperature, and magnetic field) can be simulated by the code. New features that are still under 
validation include plasma impurities (a mixture of up to 99 ionized species can be simulated), and bevelled tile 
edges. The flow of plasma near the tiles is not trivial due to a complex interplay between the electric and Lorentz 
forces, leading to a superposition of strong parallel fluxes with twisting ExB flows. A rich ensemble of 
numerical diagnostics has been implemented to help interpret the results. 

Presently, we are running the code in order to produce a first series of results that span the range of 
plasma parameters expected in ITER. We cite here one striking result that has positive implications for the 
thermomechanical design of the ITER divertor tiles. ITER engineers have always assumed that the power flux 
flowing parallel to magnetic field lines will strike the downstream edges of poloidal tile gaps with full intensity, 
at nearly perpendicular incidence, leading to intense local heating, stresses, and sputtering. Our kinetic model 
predicts that the power flux will be reduced by a factor of up to 3 or 4. As they approach the downstream tile 
edge, passing over the tile gap, ions describe Larmor radii comparable to the gap width (several tenths of 
millimetres), allowing them to penetrate into the gap (Figure 2.1.27). Electrons, on the other hand, are much 
more strongly magnetized and do not penetrate. As a result, a large positive charge density forms inside the gap. 
The electric field associated with this positive charge acts to deflect the incoming ion flux away from the leading 
edge of the tile and spread it over the tile face further downstream. 

 

Figure 2.1.27 – Ions streamlines in the poloidal gaps 
 

2.1.1.4.4.      Ion temperature measurement in the SOL 

Edge ion temperature (Ti) has been measured on Tore Supra using a Langmuir probe equipped with a 
‘Retarding Field Analyzer’. Figure 2.1.28 shows the measured radial ion and electron (Te) temperature profiles 
and current saturation profiles for scans in averaged electron density, safety factor, heating power (ohmic, ICRH 
or LHCD). Ti/Te is measured to vary in the range 1.5 to 5 for pure ohmic discharges, and up to 6-9 for ICRH or 
LHCD discharges (1-3 MW). These very high values have also been measured close to the last closed flux 
surface (LCFS). Ti/Te has also been shown to depend strongly on the plasma averaged electron density and 
safety factor. These Ti/Te measurements are needed for an accurate determination of edge parameters as the 
plasma sound speed, the edge electron density, the parallel and radial heat transport coefficients, etc., that are 
otherwise calculated assuming Ti = Te. 
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Figure 2.1.28 – Radial ion and electron temperature profiles, ion saturation current, and Ti/Te ratio measured by the RFA 
probe. Power balance and the time of the probe plunges are shown in the right box. 

 

The total power flowing to the SOL (PSOL) is then calculated from the probe measurements, and 
compared to that from power balance analysis (Pinj - Prad). PSOL from the Langmuir probes is found to be less than 
(Pinj - Prad)/2. PSOL should be equal to Pinj - Prad if radiation was the sole plasma loss channel. Finding such a small 
value for PSOL might be a further indication of the existence of a strong radial transport mechanism, poloidally 
localized close to the contact point between the plasma and the limiter. Further data consistency analysis is 
underway.  

Plasma perturbation (mainly the perturbation of the ion temperature) induced by the probe plunge into 
the plasma edge have been studied using a PIC simulation code developed in collaboration with IPP Prague. It is 
found that no significant perturbation on Ti measurement is introduced by the RFA probe.  

A new probe for fast ion temperature measurements (‘segmented’ tunnel probe) has been developed 
for measurements in Tore Supra (Figure 2.1.29). A prototype of this probe has already been tested at IPP Prague. 
Ion and electron temperature and ion saturation current will be measured simultaneously with high temporal 
resolution, for fluctuations and intermittent phenomena studies. These measurements are planned to be available 
on Tore Supra in 2008. 

 

 
 

Figure 2.1.29 – Segmented tunnel probe developed for fast ion temperature measurements on Tore Supra. Ions are analysed 
by the ‘retarding field’ in the tunnel. Two tunnels are installed on opposite sides of the probe.  Ion and electron temperature 

and ion saturation current are measured simultaneously. 
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2.1.1.4.5.      ITER start-up limiter experiment 

Experiments have been carried out to investigate the scrape-off layer conditions during current ramp-
up and ramp-down in the start-up scenario planned for ITER, i.e. at constant edge safety factor (q = 4.6), and 
compared with steady state conditions. These experiments are part of the ITPA Divertor & SOL Coordinated 
Experiments. The plasma minor radius is ramped from 0.42 m to 0.65 m in ~2.8s with the plasma current 
feedback controlled on q = 4.6. The SOL profiles are measured ~ every 0.3s by a reciprocating Langmuir probe 
located on top of the torus. Two main issues are addressed: 

- scrape-off layer power flux profiles during transient phases of the discharge: they are shown to 
be very similar to that in the steady-state phase, indicating that the current diffusion time 
(much longer than the poloidal transit time in the SOL), and the transient terms in the power 
balance do not play a significant role; 

- which fraction of the power flowing to the plasma boundary is intercepted by the limiter, and 
what is the effect of incomplete poloidal coverage of the SOL by the modular limiter. 

It is found that, if only one limiter is used, the power flux decay length is in the range 1.0 - 2.0 cm 
depending on the precise connection length map (Figure 2.1.30). A very similar picture is found for two limiters 
in opposite ports. These range of values includes that presently used in actual ITER calculations (λQ=1.7cm). 
The experimental results obtained on Tore Supra thus contribute to the validation of the heat flux calculation on 
the ITER limiter. Experiments will continue in 2008 with ICRH additional power. Similar experiments are also 
planned on the TEXTOR tokamak, as part of the ITPA Divertor & SOL Coordinated Experiments, and will be 
made in collaboration by the TEXTOR and Tore Supra teams. 

 

Figure 2.1.30 – Reciprocating probe SOL profiles 
 

2.1.1.5. Plasma wall interaction 

 
Deuterium retention in the CFC walls has been studied through the two main lines: particle balance 

analysis and ‘post-mortem’ analysis of samples which had been exposed to Tore Supra plasmas. 

 

2.1.1.5.1. Particle balance 

The measurement of the ‘long-term’ retention (deuterium inventory that remains trapped into the 
walls at the end of an experimental campaign) has been improved by including in the analysis the particles that 
are recovered between two discharges (through post-pulse pumping, glow discharge conditioning or post-
disruption recovery). It is found that the trapped inventory is low after one day of short pulses, and significant 
after one day of long pulses, and that the inventory accumulated during a day of long pulses is not compensated 
by a night of wall conditionning.  

The role of the edge electron temperature in instantaneous retention (during a plasma discharge) has 
been investigated in high power experiments with high edge radiation. Nitrogen, neon and argon injections have 
been used. The electron temperature at the separatrix ranges from approximately 100eV in the previously studied 
long pulse scenario, to ~ 30 eV in similar power and density conditions with approximately 60% of radiated 
power (Figure 2.1.31). 
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Lower electron temperatures, ~ 15 eV, are only obtained in ohmic discharges for frad ~ 0.85 in 
detached plasma conditions. 

injection azote
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Figure 2.1.31 - Electron temperature (Te) at the last closed magnetic surface, measured by the Langmuir probe, versus the 

radiated fraction for different scenarios 

 

During a neon injection, the retention rate decreases with increasing radiated power (Figure 2.1.32, 
retention expressed in absolute values or as a percentage of the injected D2 flux). The particle balance is 
calculated assuming that all the neon ions are pumped by the toroidal pumped limiter (corresponding to an upper 
limit on the retention rate). The following parameters are plotted in Figure 2.1.32, versus the ratio of neon to 
deuterium injection (expressed by number of electrons due to neon atoms divided by the number of electrons due 
to deuterium injection): injected Ne and D2 fluxes, radiated power fraction frad and deuterium retention rate 
expressed as an absolute value and as a fraction of the injected deuterium flux. When increasing the radiated 
power fraction from 0.3 in the pure deuterium pulse to frad ~ 0.8 with neon injection, the retention rate decreases 
from 0.6 Pam3s-1 to 0.1 Pam3s-1, or from 65 % to 45 % when expressed as a fraction of the injected flux. 

 
 

Figure 2.1.32 - Injected Ne and D2  fluxes (green and blue respectively), fraction of radiated power (red) and deuterium 
retention rate expressed in absolute value(cyan) and as a fraction of the injected deuterium flux (magenta), versus the 

fraction of inejcted neon/deuterium during long pulses 
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2.1.1.5.2.  ‘Post-mortem’ sample analysis 

Samples of the CFC composite used in Tore Supra (CFC Sepcarb® N11) were exposed to high ion 
fluences in the Tore Supra edge plasma using a mobile sample-holder.  

Figure 2.1.33 shows the different steps of the scientific approach used to demonstrate that deuterium 
can be retained in depth (~ 8 to 10 µm of the surface after exposure) and very locally (Figure 2.1.33-h) in these 
samples. 
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Figure 2.1.33 – Post-mortem analysis of CFC samples exposed to Tore Supra plasmas 
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The trap sites are the carbon atoms in the carbon layer that form on the surface of the samples during 
plasma exposure. Figure 2.1.33-b shows exactly the same area as in Figure 2.1.33-a after plasma exposure. The 
visible surface modification is due to the presence of a surface layer of carbon which, in this case, measures 4 
µm. This is shown by Transmission Electron Microscopy (TEM), with the visible craters Figure 2.1.33-c and -d 
corresponding to locations where the strips were taken for the TEM study. These craters are used as markers on 
the images shown Figure 2.1.33-g and -h. These images represent the surface distribution (Figure 2.1.33-g) and 
depth distribution (Figure 2.1.33-h) of deuterium at ~ 8µm. This is a 3D mapping based on the study of 
2H(3He,p)4He nuclear reactions. The number or red dots increases with the number of deuterium atoms. The 
white areas show where deuterium is lacking. The trapping mechanism is therefore the chemisorption of 
deuterium on carbon.  

The heterogeneous in-depth distribution of deuterium results from the damaged state of the original 
surface of the material. This surface shows a number of macroscopic defects (Figure 2.1.33-a), specifically in the 
neighbourhood of the carbon fibres. The process is as follows: the carbon progressively fills the defects as the 
carbon layer is deposited. In some cases, actual pits are formed (Figure 2.1.33-e and -f), whose walls are coated 
with deuterated carbon deposited at depths of several µm (this result is also obtained by TEM). It is for this 
reason that the presence of deuterium is only revealed locally in the image shown Figure 2.1.33-h.  

The samples are exposed to Tore Supra plasmas, and most of the analyses presented here are done in 
the frame of collaborations with various institutes: the electron microscopy (SEM, Scanning Electron 
Microscopy/TEM) study is being carried out as part of a PhD thesis work in collaboration with the CP2M and 
TECSEN laboratories at the Université Paul Cézanne. Analytical experiments on 2H(3He,p)4He nuclear reactions 
are done at the Pierre Süe Laboratory (CEA/DSM/DRECAM/LPS) using a nuclear microprobe. Bringing 
together the results of the different deuterium analysis techniques (surface imagery techniques, SEM, and 
techniques for local structural studies, TEM) performed on the same samples, has allowed to link the different 
pieces of information on the location of the deuterium atoms, the surface state of the material, and the trapping 
sites.  

 

2.1.1.5.3. Carbon erosion and migration 

The study of carbon migration using optical diagnostics was continued in 2006 in close collaboration 
with the PIIM CNRS laboratory and the University of Provence. Tore Supra produces long pulses and has 
actively-cooled walls, providing a very interesting tool for studying plasma-wall interactions comparable to 
those which may be encountered in ITER. Moreover, the spatial complexity of the flux deposition on the toroidal 
pumped limiter (TPL) – with alternating surfaces exposed to the flux and shadowed surfaces – is similar to that 
observed in a divertor. These inhomogeneities in the deposited power lead to considerable variations in the 
surface temperature. The erosion areas are efficiently cooled, whereas the re-deposited layers in the shadowed 
areas reach higher temperatures (as can be seen in the IR thermographic measurements), since they are actually 
somewhat inefficiently coupled to the cooling system, and heated by charge-exchange neutrals and radiation, 
particularly from the carbon present in the plasma. Another important aspect of the TPL is its castellated 
structure, resulting in the formation of deposits between the tiles. Modelling these deposits (and their 
deuterium/tritium content) is a key issue in plasma-wall interaction studies on an international level. Chemical 
erosion certainly plays an important role in carbon migration and can be very pronounced in these deposits 
which are taken to a high temperature and are also subjected to considerable fluxes. Experimental research is 
supported by the visible imagery system installed in Tore Supra. This system is used to obtain both images from 
the TPL in visible light with good spatial resolution, and the corresponding light spectrum at different points of 
the TPL using a Czerny-Turner spectrometer. These systems are calibrated in terms of absolute intensity. The 
spectrometer makes it possible to clearly identify and quantify the different species present, especially the CD 
and C2 radical bands, the chemical erosion markers, and their erosion rates. The use of the CCD camera with a 
set of interferential filters makes it possible to determine the chemical and physical erosion rates after analysis, 
as well as their spatial variations on the limiter. Experiments conducted at the end of 2006 show that the leading 
edge of the limiter appears to be an area of high chemical erosion. Moreover, the images show spatial intensity 
modulations that appear to be correlated with the position of the tiles. These points will require further study. 

 

2.1.1.5.4.      Retention: a review of analyses 

Different mechanisms have been reviewed to explain the different phases observed in the retention 
process. The best candidates are found to be surface implantation and porosities for the transient retention phase, 
co-deposition and bulk diffusion for the long-term retention. 
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The direct implantation of particles in CFC cannot explain the identical retention behaviour observed 
in repetitive discharges (except if associated with very high diffusion in the CFC, high enough to empty a 
transient reservoir before the next discharge). 

Analysis of the porosity of carbon deposits collected in Tore Supra shows that it would be possible to 
absorb up to 1022 D per gram of deposits. A small mass (0.5 g, equivalent to 0.6 cm2) would then explain the 
transient retention. Moreover, analysis of the outgassing after a discharge has shown that recovery occurs with 
the same time constant as the duration of the transient phase (100 s), which is consistent with the pore filling and 
emptying mechanism. Therefore, this mechanism stands as a good candidate for explaning the transient phase. 
Extrapolation of laboratory porosity measurements to the tokamak environment at 77K and under high pressure 
is currently being assessed. The absorption capacity of the deposits could significantly decrease with the 
temperature. 

To analyse the role of co-deposition, the erosion source term was assessed from the visible TPL 
spectroscopic measurements. The values found are consistent with the experimental Zeff measurements, the 
estimated growth rates of the deposited layers, and the theoretical erosion rates. 

However, by combining the net erosion source based on this carbon balance with the D/C ratio (~ 1-
10%) measured on the Tore Supra plasma-facing components during post-mortem analysis, it would appear 
difficult to explain the retention rate observed experimentally by co-deposition alone (the retention rate inferred 
from the carbon source is a factor ~ 8 below the measurements inferred from the particle balance). Despite 
increasingly accurate deposition measurements in Tore Supra (on the cassettes, between the guard ring tiles, 
etc.), comparison between the particle balance and the post-mortem analyses has not yet been finalised. 

Other mechanisms have therefore been recommended, specifically the in-depth diffusion of deuterium 
inside the CFC. This mechanism was explored in laboratory experiments coordinated by the Association within 
the framework of the “Divertor and SOL” ITPA (collaboration between Tore Supra, IPP Garching, PISCES). 
These experiments made it possible to highlight: 

- The presence of deuterium at depths considerably deeper than the implantation depths of the 
incident particles (up to 10 µm), therefore a transport phenomenon towards the bulk of the 
material in the case of CFC, as opposed to that of graphite (Figure 2.1.34). This transport 
phenomenon does not seem to be governed by diffusion, and remains to be studied. 

- Non-saturation of the CFC (unlike graphite), and a trapped inventory varying as a function of 
the square root of the incident fluence. 

 

 

Figure 2.1.34 - Deuterium concentration measured by NRA (Nuclear Reaction analysis) as a function of depth in two 
samples of CFC (NB31) and graphite (HPG) subjected to equivalent fluences 

 
 

A first application to the GigaJoule A (GJA) scenario was carried out using a simplified model 
according to the variation in the square root of the fluence found in the laboratory experiments and only taking 
into account the incident ion flux on the TPL. Figure 2.1.35 compares the experimental retention rate in GJA 
with retention rates estimated from different mechanisms. It is worth pointing out that: a) the TPL is saturated by 
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implantation in very short time intervals (under 1 s), b) co-deposition is an insufficient explanation for the 
experimental retention rate even if we assume a ratio of D/C equal to 1, and c) the bulk diffusion could play a 
significant role in the Tore Supra particle balance. This preliminary study must however be refined (confirmation 
of the fluence variations with the 0.5 power, consideration of neutral fluxes and of the other plasma-facing 
components (PFC) in Tore Supra, etc.). 

CDmax= 1021 at/m 2

exp

Implantation

Codep D/C = 1
Codep D/C = 0.1

Impl + bulk diffusion

 

Figure 2.1.35 - Comparison of the experimental retention rate in the GJA scenario with that estimated from the different 
deuterium trapping mechanisms (implantation, co-deposition at D/C = 0.1 or 1, bulk diffusion) 

 
 

The next step consists in dismantling a part of the TPL (summer 2007) to analyse the deuterium in-
depth content in the CFC tile, after a test series dedicated to repeated long pulses to load the TPL with deuterium 
in a controlled manner and enable comparison of the particle balance and post mortem analyses. The analyses 
(end of 2007-2008) will be conducted in collaboration with a number of universities and European laboratories 
partnering the project. 

 

2.1.2. JET 
 

The EURATOM-CEA Association has extensively participated to the EFDA-JET experimental 
campaigns that include high level commissioning phase and the campaigns C15-C19 (from 2005 to spring 2007). 
Up to 34 physicists have been at JET during this period, corresponding to a total man power of 11 ppy. They 
have participated to these campaigns with a large range of expertise including: Task Force (TF) leader of TF-S2 
and Fusion Technology, Deputy Task Force leader of TF-S1, Scientific Coordinators of various experiments, 
Expert Session Leaders and Session leaders. The scientific activity has been focused towards the participation to 
the scenarios task-force dealing with the development and exploitation of scenarios for ITER (40% and 25% of 
the manpower for TF-S2 and TF-S1, respectively). It is worth pointing out that these scenario Task Forces 
played a major role since they were in charge of channelling the experiments from the other Task Forces. This 
report is organised around the contribution made by the Association physicists at JET towards the development 
and exploitation of three candidate scenarios for ITER: (i) the baseline ELMy H-mode, (ii) the hybrid scenario 
with semi-inductive operation, (iii) the advanced tokamak scenario. In synergy with the Tore Supra programme, 
the EURATOM-CEA Association has mainly focussed its effort towards the development of the hybrid and 
advanced regimes.  

 

2.1.2.1. The baseline ELMy H-mode scenario  
For the ITER reference ELMy H-mode scenario, the EURATOM-CEA Association has participated to 

the development of the magnetic configuration with the new divertor, with plasma shapes at ITER triangularity. 
In these experiments, it has provided the support for the collection and analysis of the wide angle IR camera 
data. Plasma currents, Ip, up to 3 MA have been obtained; further studies have been limited by the triggering of 
Neoclassical Tearing Modes (NTM). 
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Since NTMs can significantly degrade the performance of fusion plasmas, it is desirable to develop 
strategies to either avoid their triggering or control them, especially in fusion reactors. One way in which the 
triggering of NTMs might be avoided would be to induce more frequent crashes of otherwise long period 
sawteeth. This can be achieved if the local shear at the q = 1 surface, s1, can be increased sufficiently. It is 
therefore of interest to try to increase s1 by localized current drive. In JET this can be achieved by the application 
of Ion Cyclotron Current Drive (ICCD). However, in order to more firmly demonstrate the potential of localized 
current drive for sawtooth shortening aimed at NTM avoidance, it was essential to repeat the experiments with 
added NBI power to increase βN  to the level triggering NTMs. These experiments were partially carried out in 
2006, and succeeded in demonstrating that, when the location of the ICCD resonance was correctly tuned, the 
sawteeth remained short throughout the ICCD phase in spite of the central fast ion population. Most importantly, 
no NTMs were triggered at the crashes of the shortened sawteeth. Furthermore, it was shown that, when no 
ICCD was applied or when the distance between q = 1 and the ICCD resonance was detuned, even by fairly 
small distances, long sawteeth were systematically present and NTMs were often triggered. 

The Association has actively participated in the assessment of fuel retention in H-mode in JET. 
Particle control is a critical issue for the next step machines: particle injection and extraction systems must 
regulate the D-T fuel densities, exhaust helium ash, control the impurity core contamination and particularly 
minimize the tritium wall inventory. In ITER, retention of 5% of the tritium injected would lead to the retention 
limit (350 g, set by nuclear licensing) in only 70 discharges. Therefore, the evaluation of particle balance data in 
present tokamaks is of high priority to establish the technique and a database for ITER, where particle balance 
will be the dominant technique to assess fuel retention. In order to achieve a high accuracy and to minimise the 
contribution from previous experiments (history), the overall particle balance has been studied in JET in a series 
of repetitive and identical discharges. The particle retention behaviour has been analysed for L and H-mode (type 
III and I ELMs) plasmas, the H-mode having the following main parameters: Ip = 2 MA, BT = 2.4 T, <ne> = 
4.5x1019 m-3, gas rate ~ (0.6 - 1.7)x1022 Ds-1, with 10 MW of NBI and 3 MW of ICRH for the type I ELMy H-
mode (5 pulses) and 6 MW of ICRH only for the type III ELMs experiment (13 pulses). For all the experiments, 
active pumping was ensured by the divertor cryopump only; its regeneration before and after the series of pulses 
thus allows a direct measure of the wall retention and also a calibration of the pumped flux during both the 
plasma operations and between pulses. For the NBI heated shots (type I ELM experiments), the amount of gas 
pumped by the neutral beam ducts was evaluated from neutral pressure measurements during and in between 
shots with an in-situ calibration before the experiments. When averaged over the ELMing phase, the retained 
flux is ~ 1.3 x1021 Ds-1 for the Type III ELMing H-mode and 2.66x1021 Ds-1 for the Type I ELMs. This 
corresponds to retention fractions of ~ 20% and 17% respectively of the injected flux. These results should be 
compared with earlier L-mode experiments where the retention was found to be less than 5% during the heating 
phase, and also with post-mortem analysis from which the retention averaged over a full campaign and all the 
divertor operation time has been evaluated to be about 2.6x1020 Ds-1 (~ 3.8% of the injection). The gas balance 
analysis shows also that the particle recovery between discharges remains more or less similar from pulse to 
pulse at around ~ 2-3x1022 D per pulse. In the absence of disruptions, this value appears to be nearly independent 
of the type of discharge (L or H modes), the quantity injected and the history of the retention.  

Finally, during the C15-17 campaign, the Association contributed to the TF-M experiments on ELMs 
control by the Error Field Correction Coils (EFCCs). In particular, preliminary calculations of the magnetic 
perturbations generated by the EFCCs in n = 1 and n = 2 configurations have been performed in order to check 
their ability to produce a stochastic magnetic field at the edge and also to estimate the level of core perturbation. 
After the success of the n = 1 experiments during the C15-17 campaigns, more refined calculations of the 
perturbations produced by the EFCCs have been performed in order to interpret the experiments, in particular the 
dependence of the operational window for ELMs mitigation in terms of IEFCCs as a function of q95. In addition, 
the magnetic footprints have been calculated in presence of the EFCCs, which will be compared to experimental 
images (or data from Langmuir probes). 

 

2.1.2.2. The Hybrid scenario 
The Association had an active role in the development of a Hybrid regime with type-III ELMs using 

nitrogen injection. The performance of the Hybrid H-mode regime have been extensively investigated in JET 
experiments up to βN = 3 at low toroidal field (1.7 T) with type I ELMs edge conditions. One of the remaining 
issues is the problem of erosion of the outer wall and of the divertor target plates associated with the type I ELM 
regime. A possible solution to this problem could be to operate with a plasma edge in the type III ELM regime 
(reduced heat loads) obtained with impurity seeding. A Hybrid H-mode scenario with type III ELMs has been 
developed as an integrated scenario at low plasma current, with nitrogen seeding to mitigate the ELMs. Nitrogen 
is chosen because it radiates at both the divertor and pedestal temperatures (when < 700 eV) and also because 
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nitrogen has been already used in the baseline scenario to mitigate the ELMs. The target plasma is a Hybrid H-
mode with type I ELMs (Tped ∼ 900 eV), Ip = 1.7 MA, q95 ~ 3.2, ne ~ nGr in which NBI injection is feedback 
controlled to ~ 18-20 MW to achieve βN = 2.5. Nitrogen is injected toroidally into the private flux zone of the 
divertor. The transition from type I to a stationary type III ELM regime has been found with radiative feedback 
control to avoid an H to L-mode transition. A strong gas puff (ΦD = 5×1022 e/s and ΦN ∼ 7×1022 e/s) is required 
during half a second to cool down the pedestal  to Tped ∼ 700 eV and switch to the type III ELM regime. This is 
followed by a moderate impurity injection (ΦN ∼ 3×1022 e/s) to maintain the regime stability. The total radiated 
power fraction achieved with the type III ELM regime is ~ 50% with βN = 2.5 (PNBI ~ 20-22 MW) and a thermal 
confinement factor of H98*(y,2) ~ 0.83. The MHD activity is characteristic of that observed in the standard 
hybrid scenario (no strong MHD activity and reduced saw-tooth activity). A net reduction of the heat load on the 
divertor tiles (normally subjected to a high heat flux) has been observed.  

Hybrid regimes sustained during 20 s at reduced NBI power (~ 10 MW) have been developed. During 
these experiments, the target q-profile has been varied using LHCD in the pre-heat phase at various LHCD 
power levels. Stationary discharges were sustained for 20 s at βN ~ 2.5 (1.5 T/1.3 MA). Detailed analysis of the 
current diffusion is under investigation using the CRONOS code. The final objective is to assess the requirement 
for current profile control in the Hybrid scenario in view of long pulse operation in ITER. In this context, the 
Association participated to the experiments dedicated to the coupling of Lower Hybrid waves in hybrid regimes. 
LH power has been coupled in Hybrid scenario plasmas at 1.7 T with a favourable effect on the current profile, 
i.e. a delay in the onset, or suppression, of the q = 1 surface. 

We have also participated to set-up detailed comparison discharges between the Hybrid scenario and 
the reference ELMy H-mode regime. The ongoing analysis shows that there are no major differences in terms of 
thermal confinement between the two regimes. In this context, Hybrid scenarios have been developed down to 
q95 = 2.7 at high βN ~ 2.9 and 90% Greenwald density with a fusion merit Figure ~ 0.8 (H89βN/q95

2 = 0.78). 

Finally, we have provided expertise at the level of scientific coordinator in the experiment "mode 
conversion in the Hybrid scenario". The purpose of this experiment is to characterise the dependence of energy 
transport on the q-profile in a comparison between a "Hybrid-like" regime and a standard sawtoothing ELMy H-
mode. The experiment was successfully prepared and executed. Clear differences on the ion temperature profiles 
were identified between these two regimes, with higher core ion temperatures observed in Hybrid discharges 
(“Hybrid-like” discharges featured a 15-20% higher R/LTi, as well as a higher Ti at the top of the pedestal). 
Analyses are still ongoing and require, in particular, an accurate determination of the q-profile to conclude on its 
importance in understanding the ion thermal energy differences. 

 

2.1.2.3. Advanced tokamak scenario 
 One of the first objectives of the AT research on JET during the 2006 experimental campaign was to fully 
exploit the upgraded divertor capabilities offered by the newly installed septum plates. During the high power 
heating phase, two new configurations were successfully developed (Figure 2.1.36) with either simultaneously 
high values of upper and lower triangularities (δu ≤ 0.45,  δl ≤ 0.55, this configuration being called ITER-AT) or, 
alternatively, keeping an ITER value of lower triangularity while having a moderate upper triangularity (δu ≤ 
0.2 ,  δl ≤ 0.55, this configuration being called LUD for Lower Upper Delta). In addition, an effort has been 
made to develop an early transition towards the LUD or ITER-AT configurations during the current ramp-up 
phase (low power prelude phase used to shape the target q-profile prior to the application of the full heating 
power). This early transition towards highly shaped plasmas prevents variations in the configurations (and 
related plasma volumes, magnetic axis, internal inductance, etc.) during the main heating phase, where such 
changes are expected to affect the pre-shaped target q-profile and its evolution. Two different target q-profiles 
were reached at the end of the prelude phase applying either: (i) LHCD (2 MW) during a moderate current ramp-
up phase (typically at 0.3 MA/s) to form a deeply reversed q-profile having the characteristics of a current hole 
with an associated early electron ITB, or (ii) on-axis ICRH electron heating with a fast current rise (up to 0.6 
MA/s) to form a weakly reversed current profile with a broad region of zero or weakly negative magnetic shear. 
The plasma current in the current flat top (Ip ~ 1.9 MA) and the on-axis toroidal magnetic field (Bo ~ 3.1 T) have 
been selected to have a q95-value (at 95% of the poloidal flux, q95) close to 5, as prescribed for ITER steady-state 
regimes.  
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Figure 2.1.36 - Example of ITER-AT & LUD magnetic configurations developed in 2006. 

 

The configuration that has been mostly exploited so far is the LUD one, with up to 31 MW of applied 
power (21 MW of NBI, 7 MW of ICRH and 3 MW of LHCD in the main heating phase) (Figures 2.1.37 and 
2.1.38). The most striking difference between the low and high δ discharges is that the high δ configurations 
allow the development of ITB regimes at simultaneously higher edge (nped ~ 2.5x1019 m-3) and core (neo ~ 6x1019 

m-3) densities, leading to a line averaged density ranging between 3.6-4x1019 m-3 and with ion temperatures, Ti, 
closer to that of the electrons, Te (Tio ~ 8-10 keV, Teo ~ 7-8 keV, where Tio and Teo are the central Ti and Te 
values) at a toroidal rotation up to Vtor ~ 300 km/s. The core transport barrier is typically at mid-radius and 
appears clearly on the ion temperature, toroidal rotation and density profiles. These ITBs profiles are combined 
with high frequency type I ELMs (f ~ 100-80 Hz) or in regimes where ELMs are mitigated with neon injection at 
relatively high density at the top of the pedestal (neped ~2.5-2.8x1019 m-3 with Teped ~ 1.1-1.3 keV). Compared to 
the previously moderate triangularity regimes where the H-mode pedestal parameters were typically Teped ~ 2-
3keV and neped ~ 1.5x1019 m-3 (type III-ELMs), these new configurations are promising in terms of their future 
application with the new ITER–like wall. Preliminary investigations of the role of the X-position relative to the 
inner divertor tiles have also been carried out. In the context of the new ITER-like wall project, efforts have been 
made to characterise the energy deposition using data provided by the new IR wide angle camera (JET-EP 
project lead by the EURATOM-CEA Association) in the advanced steady-state regimes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.37 - βN  versus the applied power in the main heating phase for high δ configuration at high Bo 
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FIGURE 2.1.38 - Time evolution #67869 ELM control with neon injection, Ptot~31MW, (LUD conf. with X-point further 
away from tile 1). 

 

Coupling of Lower Hybrid waves to the plasma is a critical issue for the development of Advanced 
regimes which are still difficult to extrapolate from present tokamaks to the next generation. In particular, the 
distance between the separatrix and the antenna face can be as large as ~ 0.15 m on ITER, whereas most of 
present antennas operate with a ‘gap’ (i.e., separatrix-antenna distance) of 0.03-0.06 m. On JET, LHCD 
experiments have been carried out with a gap varying between 0.09 and 0.16 m and LH powers up to 3.2 MW. In 
2006, the Association has strongly contributed to extend these large distance couplings in ITER relevant plasma 
shapes at high triangularity (e.g., high triangularity up to 0.5) in both the Hybrid (q95 ~ 4) and the steady-state 
regimes (q95 ~ 5). With an ELMy edge, the distance from the last closed flux surface was above ≥ 12 cm and up 
to 15 cm, as expected on ITER. In the 2006 experimental campaigns, a particular attention has been paid to 
characterise the SOL with far distance LHCD coupling, with the final objective of extrapolating these results to 
ITER conditions. Two plasma shapes have been tested (low and high triangularity). In all these discharges, a 
Langmuir probe, which is connected to the antenna by adjusting the safety factor, is reciprocating and a profile 
of the saturation current (Jsat) in the ‘far SOL’ (i.e., at least 3 cm behind the separatrix) is obtained with a 
sufficient time resolution to distinguish ‘between ELMs’ and during the rise and decay of the ELMs. It is found 
that gas injection from a valve located near the LH launcher and magnetically connected to it allows the density 
to be raised and the LH coupling to be improved. The Jsat profiles indicate quite clearly that this density rise 
affects mainly the plasma layer in front of the antenna, with a typical thickness of 5 cm. The resulting profile can 
be extremely flat in this region. It has been shown in particular that with increasing LH power the gas injection 
required to obtain good LH coupling decreases, with no saturation seen so far. 

The Association has played a leading role in the development of integrated real time profile control 
for advanced scenarios in JET. Advanced algorithms and system identification procedures have been developed 
in view of ultimately controlling simultaneously temperature and q-profiles in real time while taking into account 
the corresponding two different time scales for heat and current diffusion. The controller can use all the 
combinations of heating and current drive systems on JET and optionally also of the Poloidal Field (PF) system 
(loop voltage control). The plasma model in the controller is being identified from a set of experiments where the 
three heating/current drive actuators have been modulated (slow and fast modulation) as well as, for the first 
time on JET, the plasma flux at the boundary (floating Ip) in the ITER magnetic configuration which provides an 
additional fourth actuator for closed loop experiments. First attempts have been made in order to control in real 
time the q-profile in the high triangularity configuration (1.5 MA/3 T) using the newly developed dynamic 
model. The q-profile is determined in real time using the interfero-polarimetry measurements. The general real 
time control algorithm has been used to control q at the plasma edge using the boundary flux during the current 
ramp up and the main heating phase. Attempts were made to control the q-profile at mid-plasma radius.  

The Association has also participated in the development of scenarios at high βN (low toroidal field, ~ 
1.8 T). The proposed scenario relies on having good edge confinement with large type I ELMs and without a 
strong core ITB as in the Hybrid regime but with different q-profiles (i.e., not necessarily with q on axis close to 
unity). At 1.8 T/1.2 MA, βN ~ 3 has been sustained during 3 s above the no-wall limit. The target q-profile has 
been scanned to assess the beta limits with various q-profiles. A fully non-inductive regime has not been 
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achieved, since the bootstrap current fraction was kept well below 50%. At reduced plasma current, quasi-double 
null configuration has been developed where mild/grassy ELMs have been obtained with a reversed shear q-
profile at high poloidal βp, typically above 1.5. In these configurations, an ion internal transport barrier at mid- 
plasma radius has been sustained for 3 s.  

Finally, new experiments have been carried out on JET aimed at studying plasma rotation in RF 
heated plasmas with little or no external momentum input. Rotation in plasmas with little or no external 
momentum injection, often referred to as intrinsic rotation, is an interesting phenomenon that is not well 
understood. Both plasmas with Ion Cyclotron Resonance Frequency (ICRF) heating and Lower Hybrid Current 
Drive (LHCD) have been investigated as on Tore Supra. The present measurements indicate that in the outer part 
of the plasma the rotation is co-current and fairly flat to about mid-radius. This is the case irrespective of the 
scenario studied (different antenna phasings, cyclotron resonance positions, ICRF only, combined ICRF and 
LHCD, etc.). On the other hand, in the central part of the plasma, a hollow profile was observed in many 
circumstances. Such profiles appeared particularly at low current and with off-axis ICRF heating. On the other 
hand, in plasmas with LHCD only, a relatively flat profile was observed also in the centre, while it became 
hollow when combined ICRF and LHCD were used.  

 

2.2. THEORY 
 

2.2.1. Turbulence and transport studies 
 

Two main lines are followed in the theoretical investigation of turbulence and transport. On one hand, 
one aims at recovering and understanding the experimental scaling laws, in particular with first principle based 
gyrokinetic simulations. This activity thus extends from the validation of the theoretical models to providing the 
theoretical backing to the experimental analysis, and, therefore, to assess the extrapolation procedure of the 
ITER physics basis. On the other hand, there is a significant effort in developing novel descriptions of turbulent 
transport. This effort has been oriented towards the issue of scale merging, namely the lack of a clear separation 
between the various scales present in the system from the size of the device to the smallest turbulence scale, i.e. 
the Larmor scale. Such an effort allows introducing new concepts that require direct qualitative comparison to 
experiments.  

In practice, our theoretical effort is based on two suites of codes, generation 1 codes that are routinely 
running and generation 2 codes that are being developed with very demanding numerical schemes. A significant 
effort has been dedicated in the last 4 years to developing and operating these codes for which there is a growing 
need for computer resources, both High Performance Computers to produce scientific results and local clusters 
of computers to develop the codes.  

The effort in theoretical work on turbulence and transport is reported in five steps, extending from the 
numerical effort to modelling results: 

1. Code development and code benchmarking with the CYCLONE-ITM test case; 

2. Scaling laws; 

3. Scale merging, onset of large scale flows such as zonal flows, GAM and neoclassical- like 
transport; 

4. Profile relaxation and implementation of a source in gyrokinetic simulations; 

5. Turbulent transport modelling. 

 

2.2.1.1. Code development and code benchmarking with the CYCLONE-ITM test case 
The codes labelled as generation 1 codes, namely ETAI3D, TRB, RBM3D and TOKAM-2D use a 

fluid description of the plasma. The ETAI3D code is dedicated to core turbulence, precisely the electrostatic Ion 
Temperature Gradient Turbulence in full 3D geometry. The TRB code, also electrostatic and 3D, is based on Ion 
Temperature Gradient and Trapped Electron Turbulence. It allows performing simulations of turbulent transport 
including particle and momentum transport. The RBM3D code, electrostatic and 3D, is dedicated to resistive 
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ballooning turbulence in the edge plasma. The TOKAM-2D code is a 2D electrostatic code addressing Scrape-
Off Layer turbulent transport. 

Generation 2 codes are based on a vigorous effort to improve the theoretical background of the codes 
GYSELA, RBM3D-EM and TOKAM-3D. Novel aspects in this effort are the gyrokinetic full f plasma 
description as well as full torus in the GYSELA codes, the electromagnetic effects in the RBM3D-EM code and 
the full torus SOL and edge simulation domain in the TOKAM-3D code. 

In the development of new codes, and in particular GYSELA and TOKAM-3D, significant effort is 
devoted to the verification of the numerical schemes and various validations. The code GYSELA has entered the 
validation stage with three main steps. First, the behaviour of the coupling of an initial profile of the electrostatic 
potential to the curvature drift was shown to yield Landau damped Geodesic Acoustic Modes (GAM) 
superimposed to a non-vanishing level of zonal flows. Qualitative and quantitative agreement with the 
Rosenbluth–Hinton predictions has been achieved. Second, the linear growth and pulsation of the unstable ITG 
mode match the previously achieved results of the so-called CYCLONE test case. Third, the relaxation route 
from an initial unstable gradient to a flattened profile, hence in the non-linear stage of the turbulent regime, has 
been compared between GYSELA and the ORB5 code from CRPP Lausanne (Figure 2.2.1). This benchmark is 
performed in the frame of the EU ITM Task Force on the basis of a test case derived from the CYCLONE case 
and adapted to the needs of gyrokinetic simulations. The TOKAM-3D code was benchmarked in the linear 
regime against the TOKAM-2D code. Specific verifications have addressed the issue of parallel transport, of 
particular importance since the coordinate system is not aligned on the magnetic field. 

 

Figure 2.2.1 - Results of GYSELA/ORB5 benchmarking. The dot-dash and solid lines are, respectively, the gyrofluid and 
gyrokinetic limits. 

 

2.2.1.2. Scaling laws 
Analysis of the energy confinement time scaling law is a key for the theoretical investigation of 

turbulent transport. However, such an activity is very demanding since it requires long simulation runs to 
achieve appropriate statistics as well as specific numerical resources to investigate these effects.  

The investigation of the ρ* scaling has started with the GYSELA code. This case is a major challenge, 
since it requires increasing numerical resources as the ρ*  value approaches the one foreseen on ITER. For 
instance, scanning ρ* from 2.10-2 to 2 10-3 (a factor of 10) requires to increase the mesh by a factor of 1,000 and 
to decrease the time step by a factor of 10. Up to now, the numerical resources have only permitted a factor of 4 
decrease in ρ*. However, this numerical achievement has only been possible by reducing the toroidal extent of 
the simulation domain. Preliminary results indicate that the gyroBohm scaling is not recovered at the smaller 
values of ρ*, 2.10-2 and 1.10-2, while a transition from what appears to be a Bohm like scaling towards the 
gyroBohm scaling seems to take place at 5.10-3(Figure 2.2.2). The investigations of such scaling properties tend 
to indicate that the interaction with boundary layers or large scale flows could govern the transport properties.  
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Figure 2.2.2 - Radial correlation function normalised to the ion Larmor radius (gyroBohm scaling), blow-up normalised to 
the hybrid Larmor radius/plasma radius (Bohm scaling) 

 

The ETAI3D fluid code has been used to investigate the impact of collisional damping of zonal flows 
on Ion Temperature Gradient turbulence. The main mechanism by which confinement improves at low 
collisionality was identified as an upshift of the ITG turbulence effective threshold, mediated by the increased 
zonal flow mean shearing rate. With respect to the microscopic properties, both the turbulence correlation time 
and lengths are reduced by the enhanced zonal flows at low collisionality. In these simulations, the effective 
critical gradient was also observed to increase with the injected power. This leads to the important consequence 
that the effective heat conductivity depends parametrically on the input power. This non-linear dependence is not 
taken into account in existing transport models based on an effective conductivity. It also indicates how intricate 
these scaling issues can be. In particular, the β scaling, generally associated to electromagnetic turbulence, could 
also be a signature of such non-linearity since variations in β are only achieved at high injected power. 

 

2.2.1.3. Scale merging, onset of large scale flows such as zonal flows, GAM and 
neoclassical- like transport 

 The aspect of scale merging has been addressed from different point of views. A significant 
effort has been dedicated to the large scale flows, both the zonal flows and the associated Geodesic Acoustic 
Modes (GAM) and their effect on the non-linear state of turbulent transport. Another part of this effort has been 
dedicated to the relationship between such flows and the background equilibrium. This is at present particularly 
important for the gyrokinetic simulations that can only achieve relatively short runs. 

 The initial state of the simulations based on fluid descriptions has a moderate impact, provided 
times exceeding the system confinement time are considered for the turbulent statistics. Such simulation times 
have not yet been achieved with the present 5D gyrokinetic simulations. These simulations are in fact restricted 
to transients that yield relevant physics as long as the large scale flows generated during the transient are 
representative of those that would develop during the non-linear stage of the turbulent regime. For the very low 
collisionality simulations, as encountered when solving the gyrokinetic Vlasov equation, one finds that the zonal 
flows that are triggered are not damped and remain therefore active (Figure 2.2.3). Any spurious generation of 
zonal flows thus tends to plague the simulation on the long times. 



 

42 

 

Figure 2.2.3 - 3D plot of the electrostatic potential for two runs of the GYSELA code, left hand with the zonal flows 
artificially quenched, right hand with zonal flows 

 

In that respect, the choice of the initial state of the simulation is of particular importance for the 
subsequent transient. In the frame of the experimental approach, one can consider to initiate the simulations with 
local Maxwellian distributions such that density and temperature exhibit profiles in terms of a radial label. In 
fact, the latter are not a steady state solution of the Vlasov equation: they are referred as non-canonical initial 
states. Indeed, the radial label of the magnetic equilibrium is not an invariant of the Hamiltonian that governs the 
unperturbed Vlasov equation. The initial stage of these simulations is then governed by a rapid evolution of the 
system towards a steady state solution of the Vlasov equation. During this phase, the curvature drift is of 
particular importance and governs the onset of zonal flows. The latter control the onset of the non-axisymmetric 
turbulent modes, and, as a consequence, the turbulent transport. The analytical investigation of such transients 
with non-canonical initial states is in very good agreement with the simulation and provides yet another 
validation of the GYSELA code.  

 A similar investigation has been initiated with the TOKAM-3D code for which a steady-state 
state solution in the axisymmetric limit, including both the edge and SOL, is difficult to obtain analytically. The 
onset of the simulation is organised as an adiabatic transition from a state governed by large diffusion 
coefficients, hence where the code is running as a 3D transport model, to a turbulent regime by gradually 
decreasing the diffusion coefficients. At large diffusion coefficients, the curvature charge separation, which 
stems from the divergence of the diamagnetic drift in the fluid description, governs the onset of large scale 
flows. These correspond to the neoclassical flows, and, as in the gyrokinetic case, are governed by the fact that 
functions of the radial label of the magnetic equilibrium induce a non-vanishing curvature current. The steady 
state solutions thus exhibit flows generated by such currents, in particular the Pfirsch-Schlüter currents. Of 
specific interest in the TOKAM-3D case is the dependence of the particle flow, characterised by the parallel 
Mach number, on the position of the limiter and on the direction of the magnetic field (Figures 2.2.4 and 2.2.5). 
These simulations allow analysing the well known Tore Supra experiments where large changes of the parallel 
Mach number profiles have been reported depending on the position of the limiters. They confirm that very large 
poloidal asymmetries of the turbulent particle flux are not mandatory to govern changes in the Mach number. 

In the ETAI3D code the coupling of poloidal harmonics induced by the geodesic part of the curvature 
results in both neoclassical transport and generation of GAM oscillations in the acoustic frequency range. The 
neoclassical thermal conductivity is found to scale as the plateau conductivity and perfectly agrees with that 
theoretical estimate. GAMs are only observed transiently in the simulations, at the expected theoretical 
frequency (Figure 2.2.6). GAM oscillations are strongly reduced in the final turbulent stationary state. The main 
peak in the poloidal velocity spectra is then observed at a frequency lower than the standard theoretical value. 
However, this frequency shift can be explained as another branch of the same physics as the GAM including the 
coupling to the average pressure gradient. 
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Figure 2.2.4 - TOKAM-3D simulation, 2D plot of the mean density in a poloidal plane, left hand side, and of the parallel 
Mach number at a given time, right hand side in a weakly turbulent regime 

 

 

Figure 2.2.5 - Changes in the Mach number with direction of the gradB drift (indicated by the black arrow) and with the 
position of the axisymmetric limiter 

 

 

Figure 2.2.6 - Frequency spectrum of the flux average electrostatic potential φ00 highlighting the slow GAM modes as well as 
an even slower mode 
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2.2.1.4. Profile relaxation and implementation of a source in gyrokinetic simulations 
 Coupling of turbulence to large scale flows is one mechanism that is considered in the non-

linear saturation mechanism. However, another saturation mechanism is found to play a key role, namely the 
turbulent radial transport that governs the relaxation of the profiles. In the non-linear benchmark to the 
CYCLONE test case, the simulations are initiated with prescribed gradients that govern the linear onset of 
turbulent modes. In the non-linear regime, these modes govern the radial transport so that the gradients tend to 
relax towards the critical gradients and the turbulent transport decays away. A standard presentation of this 
evolution is given by the dependence of the effective heat diffusivity in terms of the driving gradient. Reference 
curves relating these quantities have been computed at fixed gradient for both a fluid and gyrokinetic 
representation. In such a plot, typical GYSELA simulations exhibit a rapid rise of turbulence that governs an 
increase of the effective diffusivity. This occurs on time scales shorter than the relaxation process so that the 
trajectory appears as a rise towards the gyrokinetic reference curve at nearly constant gradient. The relaxation of 
the profile, characterised by the decrease of the gradient, appears to be quasi-adiabatic and follows the 
gyrokinetic curve, computed at fixed gradient, towards the critical gradient and vanishing transport (see Figure 
2.2.1).  

 Such behaviour, although consistent with the calculations at fixed gradient, exhibit specific 
features. First, large fluctuations of the gradient are observed during the relaxation process. These occur as the 
turbulent state expands radially in the simulation region towards the boundary layers. Also interesting is the fact 
that in a gyrokinetic simulation where the zonal flows are artificially quenched, the level of transport is larger 
and appears to tend towards the reference values of the fluid description. In contrast to this result that can be 
interpreted as a signature of an underestimate of zonal flows in fluid simulations, the ETAI3D code appears to be 
aligned on the gyrokinetic curve for the same CYCLONE test case (work performed in the framework of the EU 
ITM task force). This indicates that further comparisons between fluid and gyrokinetic simulations are required. 
To that end, an update of the code ETAI3D is contemplated and a work-programme to achieve this effort has 
been set-up. 

 The evolution of the non-linear runs towards the fixed point at critical gradient and vanishing 
transport is also problematic for simulations that are coupled to two thermal baths as boundary layers. Indeed, 
the profile is then characterised by a flattened gradient in the centre of the simulation region, together with 
steeper gradients towards the boundary layers, but with little transport enhancement. The boundary conditions 
thus appear to be rather specific and to restrict the non-linear evolution of the system. In practice, a proper drive 
of the system should be governed by a prescribed heat source rather than thermal baths. The latter situation of 
flux driven systems imposes long runs, typically longer than the confinement time to allow the source term to be 
balanced by the turbulent transport and some form of statistical steady state to be achieved. Such an investigation 
has been performed on a reduced 3D problem for deeply trapped ions with the GYSELA-3D code. Simulations 
have been performed for several confinement times allowing steady state statistics to be achieved. A striking 
behaviour of such a system are the large relaxation events that terminate period of times with strongly reduced 
turbulent transport (Figure 2.2.7).  

 

Figure 2.2.7 - Time behaviour of zonal flows and other electrostatic modes energy 

 

The appearance of such internal transport barriers is strongly related to a high level of the energy of 
the zonal flows and conversely a very low level of the energy of the other electrostatic modes characterising the 
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turbulence (see Figure 2.2.7). In fact, the interplay between the latter turbulent energy and the zonal flow energy 
is reminiscent of the predator-prey paradigm. A striking behaviour of the zonal flow energy in these simulations 
is that it does not exhibit a monotonic and increasing behaviour. There exists a mechanism that governs a 
decrease of the zonal flows down to a level where turbulence will allow the system to balance the source term by 
providing the required transport to the edge boundary. The strongly intermittent transport that appears in the 
radial/precession angle space also acts in the third direction of the system, namely the energy of the particles. Of 
particular interest is the fact that the source term transfers continuously particles from sub-thermal energies to 
supra-thermal energies irrespectively of the value of the distribution function. In a situation where the transport 
would be governed by diffusion in space only, the distribution function would then significantly depart from a 
Maxwellian. In fact, the electrostatic transport provides a means to maintain the distribution relatively close to a 
local Maxwellian characterised by a constant density (as imposed by the model) and a time averaged temperature 
profile with a constant gradient from the source to the edge boundary. It is however important to underline that 
typically seven to eight moments of the distribution function depart significantly from the values that would be 
expected with a Maxwellian distribution function. A fluid description with a few moments would be clearly 
inadequate. 

 

2.2.1.5. Turbulent transport modelling 
The impact of turbulence on transport properties has been mainly achieved with the generation 1 

codes, using the fluid description for the non-linear analysis and quasilinear approximation in the case of the 
gyrokinetic description. Main areas of activity have been particle and momentum transport and the pedestal 
physics. Part of this work has been included in the Section dedicated to the modelling effort.  

A pragmatic trade off to address transport properties without requiring prohibitive runs of gyrokinetic 
codes is to develop a quasilinear transport model based on a rapid linear gyrokinetic code, here the KINEZERO 
code that accounts for all unstable modes. The most delicate part in estimating the heat and particle fluxes using 
the quasi-linear theory is due to the fact that the linearised gyrokinetic equations do not allow the required 
spectral properties of the fluctuating electrostatic field to be determined. To overcome this intrinsic limitation of 
the quasilinear approach, experimentally determined spectral properties are used. The analysis of experimental 
transport with such a tool will pin down the value of the magnitude of the electrostatic fluctuations that is the 
only free parameter of this model.  

The analysis of plasma rotation has been undertaken with both the ETAI3D and TRB codes. This 
work is strongly motivated by the modelling of JET properties, in particular the sheared toroidal rotation with the 
ETAI3D code and the anomalous carbon poloidal rotation with TRB. Results of this work are reported in the 
Section addressing the modelling effort. The particle transport investigation performed with TRB is also reported 
in that section. Interestingly, it is found that the curvature pinch plays an important role.  

 Pedestal physics has been addressed with the RBM-3D code from the PIIM laboratory in the 
University of Provence and the Tokam-2D code for SOL turbulence. The 3D edge turbulence code RBM-3D has 
been mainly used to analyse the barrier relaxation process. In this code a transport barrier is set-up with a 
prescribed sheared flow. When driving the system towards high power and strong stabilisation by the sheared 
flow, quasi-periodic relaxation events are observed. Such events correspond to short lived bursts of turbulent 
transport triggered by the onset on an unstable mode that builds-up in the barrier. Such a relaxation phenomena, 
in particular in its non-linear transport phase, is reminiscent of the ELM behaviour (the power dependence being 
that of type III ELMs). The modelling of this phenomenon indicates that there is a possible window to sustain 
such a mode in the barrier that appears as a balance between the linear growth rate of the mode and the 
subsequent stabilisation of the mode governed by the shearing rate. Active research in this area, including 
relaxation control by external magnetic perturbations, is underway to analyse the mechanism governing the 
linear destabilisation of the mode and under which conditions it can reach a large enough magnitude to govern 
the onset of quasiperiodic relaxations. The Tokam-2D code has been used to analyse the fluctuations of the 
radial extent of the barrier that was first reported with the RBM-3D code. Two aspects have been addressed. In a 
first analysis, the barrier was induced by imposing a linear stabilisation of the turbulence in a prescribed radial 
region. It is found that the barrier extent fluctuates even for such a well defined stabilisation of turbulence. For 
some rare situations a burn-through is observed. As a consequence, the remnant transport within the stabilised 
region is governed by such events and exhibits a smooth minimum. The departure from the prescribed 
stabilisation of the turbulence indicates that the pedestal properties are not only governed by the stabilisation 
mechanism but can also be strongly modified by turbulence spreading from the neighbouring regions, in 
particular the SOL turbulence. Simulations with barriers triggered by localised biasing, hence based on a non-
linear stabilisation process, appear to be even more prompt to fluctuations and therefore to turbulence spreading. 
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 The complex transport properties resulting from the turbulence appear to be difficult to 
characterise, in particular for flux driven turbulence. First attempts to theoretically characterise this transport, 
other than using effective transport coefficients, follow the experimental procedure of probing the transport 
properties with modulated sources. The propagation of pulses in these systems appears to change from a ballistic 
nature to a more diffusive nature. Results obtained with the TRB code (reported in the Modelling Section) 
indicate that the magnitude of the modulation is one of the key parameters. Further work along this line of front 
propagation is underway to characterise in particular the scale merging feature that is exemplified in such 
transport regimes. 

 

2.2.2. MHD 
 

The activities of the Association in the field of Magneto-Hydro-Dynamics in the past two years have 
addressed both fundamental aspects such as tearing mode saturation, experimental observations of kinetic MHD 
modes, and the development and use of numerical tools for comparison with experiments, especially for the 
investigation of the non-linear regime.  

The problem of the non-linear evolution and saturation of tearing modes has been studied in the 
framework of a collaboration with the Université de Provence PIIM laboratory. The original motivation was to 
develop a consistent theory of rotating magnetic islands, where their frequency is given either by external 
perturbations or by intrinsic effects that include plasma rotation and equilibrium gradients, which are at the 
origin of the diamagnetic frequency and of the bootstrap current. However, after examining the existing literature 
it became apparent that even the simplest problem of classic tearing modes in static plasmas was not treated 
correctly. Thus, establishing firm results and robust methods for the classical tearing became a natural 
prerequisite to attack more complicated situations. Two techniques have been developed specifically to treat the 
non-linear tearing mode problem in the small island width limit. The first one rationalises previous work by 
using flux coordinates in the island geometry together with the property that the current is a flux function. The 
second one, which is completely new, is based on a direct perturbative expansion of the original equations, 
without any a priori assumption on the functional dependence of the current. This second technique is more 
general and it is in principle applicable to a wider class of problems. Both methods make use of asymptotic 
matching between the outer linear MHD solution, valid far from the rational surface, and the non-linear solution 
in the island region.  

These techniques have been used to solve the long-standing problem of the saturation of a magnetic 
island following the non-linear evolution of a classic tearing mode, in a variety of situations. Initially the reduced 
MHD model was analysed by treating first the simplest case of a plasma slab presenting a symmetric current 
profile around the rational surface, and then the case of equilibrium with a generic current profile in slab and 
cylindrical geometry. Finally, the whole problem was reconsidered within the full-MHD model (Figure 2.2.8). 
The latter result also allows quantifying the errors due to a reduced MHD. It also provides a way to benchmark 
MHD numerical simulations of magnetic self-reversal for the Reversed Field Pinch where reduced MHD does 
not apply. 

 

Figure 2.2.8 - Saturated island width as a function of ∆' for different models and for numerical simulation (dots) in a slab. 
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The development of an activity on kinetic MHD  has started with the observation of MHD modes 
driven by fast particles on Tore Supra. These observations have triggered a programme for understanding their 
dynamics, and also to assess their impact on the plasma. This issue is indeed essential in burning plasma physics. 
Toroidal Alfvén Eigenmodes are now commonly observed on Tore Supra, thanks to the recent developments of 
reflectometry and ECE diagnostics. They usually appear in Ion Cyclotron Frequency (ICF) heated discharges, 
due to a population of energetic ions produced by the resonant wave/particle interaction.  

These studies have been focused on three types of kinetic MHD modes, which are less common than 
TAEs. Firstly, modes with frequencies smaller than the expected frequency for TAEs have been identified, 
sometimes in concomitance with TAEs. Quite interestingly two candidates exist in this range of frequency: the 
so-called Beta Alfvén Eigenmodes, which belong to the family of Alfvén waves, and the Geodesic Acoustic 
Modes, which are mainly electrostatic modes and are believed to play an important role in the context of 
turbulent transport. These two branches exhibit the same dispersion relation. After close inspection, it turns out 
that the modes observed on Tore Supra are likely BAEs since they usually appear in presence of ICF heating, i.e. 
with a population of fast ions (Figure 2.2.9). Moreover these modes are anti-ballooned and the amplitude of the 
corresponding density perturbation is significant, in contrast with the expectation for GAMs which are up-down 
symmetrical modes, with a dominant m = 0, n = 0 component. A programme is on its way to better assess the 
stability threshold and the impact on the population of fast particles. 

 

mag. 
 

 
Figure 2.2.9 - Spatial structure of a BAE mode in the equatorial plane. Density fluctuations δn/n (%) versus major radius 

(m) 
 

Fast electron driven modes have also been observed, which could belong to the family of fishbone 
modes. These modes usually appear in plasmas with LHCD, where fast electrons play two roles: they modify the 
current profile, and also provide a drive for MHD modes. These modes are quite sensitive to the q profile, and 
require double q = 2 or q = 3/2 surfaces, i.e. a reversed q profile. The instability then exhibits the structure of a 
double kink mode (Figure 2.2.10). However, similar modes were observed recently on Tore Supra in plasmas 
where the q profile is monotonic. Also, interplay between tearing modes and fast electron driven modes is often 
observed. This complex behaviour is under investigation.  

 
Figure 2.2.10 - Fast electron driven modes during O-regime: Te (grey contours) and δTe (coloured scale) (top), δTe, 

Te
max and Te

min profiles (right), and spectrogram (bottom). 
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Finally, Alfvén cascades have been recently identified in discharges when combining ICRH and 
LHCD. A reduction of neutron emission indicates that these modes are responsible for fast ion losses. Also, the 
increase of heat flux associated to fast ion losses is well correlated to measurements of the temperature variation 
of plasma facing components by IR thermography. Alfvén cascades are associated unambiguously to reversed q 
profiles and this property will be used in the future to guide experiments for tailoring the current profile in Tore 
Supra. 

The non-linear MHD simulation  activity in the Association is organized around two codes, one 
being already well developed (XTOR), and the second one being still in development (JOREK), although 
allowing already several applications.  

The investigation of non-linear MHD properties of Advanced tokamak scenarios was addressed in 
terms of the MHD that is triggered at the beginning of the non-inductive phase. Indeed, it appears that the modes 
that are generated during this so-called preforming phase tend to maintain the plasma in a state with significant 
MHD activity barring the route to advanced core performance. This analysis has been performed with the full 
MHD code XTOR, developed at the Centre de Physique Théorique (CPHT, Ecole Polytechnique, France) and is 
reported in the Modelling Section. 

The new MHD code JOREK has been developed at the Association with the aim of addressing in a 
more comprehensive way the non-linear evolution of MHD modes in X-point geometry. The current version 
uses either 3D finite elements or 2D finite elements in the poloidal plane combined with Fourier harmonics in 
the toroidal direction. The finite elements cover both the open and closed field lines and are aligned to the 
equilibrium flux surfaces. To improve the resolution locally, the finite elements can be refined and the toroidal 
mode numbers can be adapted on every grid point. The equations that have been implemented are the reduced 
MHD equations in toroidal geometry. The physical variables that are evolved are the poloidal flux, the vorticity, 
the density and the temperature. For the time evolution a fully implicit scheme is used to avoid the small time 
steps due to, for example, the large parallel conduction. This has the advantage that large variations of the 
equilibrium profiles can be handled without any numerical convergence problems. As a first application, the 
JOREK code has been used to study the influence of the X-point on the linear stability of external kink (peeling) 
modes driven by an edge current gradient. The traditional peeling modes are strongly stabilised by the presence 
of the X-point, both for ideal and resistive peeling modes. This is in good agreement with the well-established 
linear MHD code CASTOR when the boundary is sufficiently close to the separatrix. A resistive MHD 
instability is found to remain unstable in the presence of the X-point that is much less sensitive to the specific 
value of q close to the boundary. The non-linear evolution of this so-called peeling-tearing mode shows a 
saturation of the mode amplitude and a local flattening of the density profile just inside the X-point. This could 
be consistent with the relatively long-lived low-n precursors (‘Outer Modes’) to the giant ELMs in JET hot-ion 
H-modes. The ELM crash is simulated by evolving a medium-n ballooning mode starting from an equilibrium 
which is linearly unstable to the ideal MHD ballooning mode. The non-linear simulations show the expulsion of 
high-density ‘blob-like’ structures that are sheared from the main plasma by the poloidal flow. Figure 2.2.11 
shows the density and the flux surfaces during a simulated ELM crash. The temperature of the density structures 
is the same as the background plasma, and the density structures do not appear to have a magnetic structure. 

 
Figure 2.2.11 - Contour plot of the density during the ELM crash, showing the formation of ‘blobs’, sheared off from the 

plasma due to the poloidal flow. The ‘blobs’ drift toward the divertor. 
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The code JOREK has also been used to model the effect of Resonant Magnetic Perturbations on 
ELMs (see later). 

 

2.2.3. RF waves propagation and absorption 
 

2.2.3.1. Low frequency (Alfvén, ICRF) waves absorption and propagation 
EVE is a 2D/3D full-wave modelling code whose objectives, as defined in 2003, can be summarized 

as follows: 

1. Provide a tool for experimentalists to simulate ICRF heating in tokamak plasmas, possibly in 
the framework of an integrated modelling code such as CRONOS. This last constraint imposes 
to be able to run the code in a fast and efficient fashion to, e.g., predict the power deposition on 
the plasma species for given plasma parameters. 

2. Be able to describe Alfvén eigenmodes developing in fusion experiments. Given its linear 
nature, such a code is not able to describe the time evolution and saturation of these modes, but 
can provide useful information on their structure. Moreover, since it is based on a kinetic 
description of the plasma species, it is a useful complement to MHD codes. 

3. Be one of the pillars of a consistent wave + kinetic package aimed at modelling the 
development of fast ion tails in next step experiments. Depending on the sought physics 
refinement, this objective actually encompasses multiple future development paths ranging 
from the development of an associated Fokker-Planck code to the inclusion of non-local 
effects in the description of the wave/particle interaction. 

In order to fulfil objectives 1 and 2, a quasi-local version of the code has been developed, which 
shares some similarities with the ALCYON code, but uses modern numerical techniques. This version of EVE: i) 
has the advantage of being fast enough to be compatible with the requirements of experimental needs and 
integrated modelling; ii) offers the possibility to directly test the obtained results with those of equivalent codes 
developed elsewhere, iii) will be needed to assess the importance of orbit effects to be included in future non-
local versions of the code. 

Among the preliminary benchmarks that have been performed, EVE has been run in various ranges of 
frequencies, for parameters allowing direct comparisons with analytical solutions. Firstly, the code was run in 
the absence of plasma, in which case the computed antenna loading is expected to exhibit peaks when the 
excitation frequency coincides with the waveguide eigenmodes. The result is shown on Figure 2.2.12. 

 
Figure 2.2.12 - Excitation of the m=1 mode in a cylindrical waveguide. Antenna loading versus frequency. TEmn and TMmn 

refer to the computed analytical frequencies of the waveguide eigenmodes. 
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Another relevant test is to consider a plasma-filled cylinder, in which Alfvén waves propagate at 
frequencies below the ion cyclotron frequency, which can be calculated with a simple MHD model. A scan has 
been performed in this range of frequencies and is shown on Figure 2.2.13.  

 
Figure 2.2.13 - Excitation of the m = -1 mode in a plasma-filled cylinder. Antenna loading versus frequency normalized to 

the ion cyclotron frequency. A1, A2, A3 are the computed three first Alfvén eigenmodes associated with m = -1. 

 

One of the main purposes of EVE is to describe Ion Cyclotron Resonance Frequency (ICRF) heating. 
So far, EVE is able to describe standard ICRF scenarios used in current and next step experiments: minority ion 
heating, second harmonic ion heating, fast wave electron heating and mode conversion to small wavelength Ion 
Bernstein waves. The contours of the circularly polarized electric field in a 5% hydrogen minority heating 
scenario with Ntor = 15 (k//,ant ≈ 4 m-1) in JET are shown on Figure 2.2.14. The corresponding power deposition 
profiles on species are in Figure 2.2.15. At moderate toroidal numbers, the appearance of a Bernstein wave can 
lead to numerical difficulties, which are avoided by the inclusion of an artificial damping mechanism. 

 

  
 

 
Figure 2.2.14 - Contours of the left-handed (left panel) and right-handed (right panel) polarized electric field for a D(H) 

minority heating scenario in JET. 
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Figure 2.2.15 - Power deposition profiles with associated power split for a D(H) minority heating scenario in JET. 
 

 

 
Figure 2.2.16 - Comparison of predicted power splits for a typical D(H) minority  heating case in Tore Supra versus 

hydrogen concentration. Central minority temperature is 20 keV. 
 

Finally, preliminary comparisons have also been performed for the ICRF case against the well-
benchmarked METS-1D code (from PPPL). In this study, parameters typical of hydrogen minority heating in 
Tore Supra are used: TD(0) =  Te(0) = 2 keV. The obtained results, in terms of power split, are shown in Figure 
2.2.16 for TH(0) = 20 keV, and on Figure 2.2.17 for TH(0) = 2 keV. Both codes are in fair agreement. The 
differences tend to increase as the minority temperature is lowered, which is caused by the growing importance 
of 2D effects, not handled by METS-1D. Further benchmarks must therefore be done against other 2D/3D codes. 

 
 

Figure 2.2.17 - Comparison of predicted power splits for a typical D(H) minority  heating case in Tore Supra versus 
hydrogen concentration. Central minority temperature is 2 keV. 
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2.2.3.2. High frequency (LH, ECRF) waves propagation and absorption 
The capability to drive non-inductively current by radio-frequency waves with high power efficiency 

and reliable remote control is a crucial issue for tokamak plasmas, and the ITER machine especially. For this 
purpose, it is necessary to develop and maintain powerful dedicated numerical tools for calculating current and 
power density profiles from initial wave launching parameters at the antennas. These tools must incorporate as 
much as possible the salient features of the addressed physics phenomena, as well as the exact geometrical 
configuration. They must also use advanced numerical techniques in order to reduce the computational effort 
when they are part of tokamak simulations packages, like CRONOS. A crucial aspect is the ability of such codes 
to be used also independently for detailed analysis for comparisons with theoretical expectations or experimental 
results. In addition, these tools must de designed to offer the maximum of flexibility for studying current drive 
physics in various type of tokamaks, using different types of waves (independently or simultaneously for 
possible synergistic effects). The modularity of the code must be also considered from the beginning so that it 
can be easily interfaced with other tools, and in particular within the European ITM-TF simulator that is 
scheduled soon. According to these goals, two major developments are carried out for the wave propagation 
solvers.  

Firstly, a new and fast ray-tracing code, named C3PO, has been developed to describe various high 
frequency waves (Lower Hybrid, Electron Cyclotron and Electron Bernstein waves) in arbitrary shaped magnetic 
equilibria. Provided the WKB or ray-optics assumptions holds, it allows to study all the waves that are 
considered for current drive purposes in tokamaks, including ITER, but also overdense compact tokamaks like 
NST-X in the USA, when the electron resonance condition may not be accessible from the plasma edge. In that 
case, the only possibility is to use the electron Bernstein kinetic waves which results from mode conversion in 
the plasma. C3PO uses several dielectric tensor models (cold, warm, hot, weakly and fully relativistic; in this last 
case it is linked with the US code R2D2). Interpolation techniques are based on an original spline-Fourier 
method, which allows describing arbitrary shapes (with X-point) of the magnetic equilibrium.  

Successfully tested against other codes and theoretical results, either for the Lower Hybrid (Figure 
2.2.18) or the electron cyclotron wave with GENRAY and TORAY, this code is linked to the LUKE 3-D 
bounce-averaged relativistic drift kinetic electron solver for current drive calculations. The code has been used to 
analyze the Lower Hybrid current drive on ITER, the simulation of C-MOD tokamak LH current drive scenarios, 
and recently for the design of the LH system for ITER. C3PO has been used for numerous tokamaks simulations 
(Tore Supra, JET, C-MOD, NST-X, SST-1, HT-7, FT-U, TCV, ITER). It has been also interfaced with the EFIT 
and HELENA magnetic equilibrium codes. It is already implemented in the CRONOS tokamak simulator, and 
will be operational by the end of 2007 in the European ITM-TF platform. Specific medium term developments 
concern principally the extension to beam tracing for the Electron cyclotron wave, when the precise width of the 
power absorption is a crucial parameter, e.g. for the possible real-time control of NTM islands in ITER.  

 

 

  
Figure 2.2.18 - Ray-tracing comparison at the Lower Hybrid frequency with cold mode conversion from slow wave (red) to 

fast wave (blue). Left part: C3PO, right part: Heikkinen et al (PPCF, 41 (1999) 1231) code. 

 

Secondly, in collaboration with the Nancy Henri Poincaré University, the development of a toroidal 
full-wave solver for the Lower Hybrid wave has been initiated. Due to the numerical difficulties involved in 
such an effort, this necessarily constitutes a long-term program (small wavelength problem in a large size 
machine). So far, the wave equations for any type of axisymmetric toroidal equilibrium have been fully written, 
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and the appropriate numerical method for the Maxwell’s equation based on domain decomposition for 
distributed processing has been chosen and tested. It is important to highlight that the approach here considered 
is original in the sense that the Maxwell’s equations are solved in real space and not in the Fourier space as done 
usually by most full-wave solver. This method, which has proven its effectiveness for cylindrical magnetic 
equilibrium; will offer the possibility to compare the results from two different methods, an important issue for 
this problem where interplay between physics and numerical aspects may be important. It is expected to have its 
first results by the end of 2007. The coordinate system is similar to the ray-tracing C3PO and the kinetic code 
LUKE, so that the interfacing for current drive calculations should be largely simplified. 

 

2.3. MODELLING 
 

2.3.1. Code developments and applications 
 

2.3.1.1. Turbulence code TRB 
The work done with TRB was focused on three main issues: the interpretation of heat modulation 

experiments on JET, the interpretation of measurements of the anomalous poloidal velocity of carbon on JET, 
and impurity turbulent transport on Tore Supra. Concerning the question of transients in JET plasmas, the aim 
was to explain why heat modulation experiments can be interpreted with a conventional critical gradient model 
(CGM), whereas impurities produced in laser blow-off experiments reach the core much faster than expected on 
the basis of a CGM. The TRB code has been run for the first time to simulate heat modulation experiments. It 
was found that the temperature modulations agree with measurements, and also that a cold pulse propagates very 
rapidly (Figure 2.3.1), as observed in experiments. However, the stiffness factor of the corresponding CGM was 
found to be much larger than the value deduced from experimental results. Hence, this does not seem to be the 
right explanation. At the same time, a 2 field CGM has been studied, which is able to reproduce both slow 
diffusive and fast ballistic behaviors.  

 
Figure 2.3.1 - Cold pulse calculated with the TRB code: ion temperature versus time at different radius. The cold pulse is 

launched at the edge. 

 

The carbon poloidal velocity is observed at JET to be larger than the neoclassical value, in particular 
within transport barriers. The TRB code has been run to calculate the effect of turbulence on the poloidal 
velocity. It has been found that the turbulent Reynolds stress can drive a significant impurity poloidal velocity 
for large values of the normalized Larmor radius and collisionality. However, the simulated carbon poloidal 
velocity is usually shifted in the electron diamagnetic direction, while it is observed to be in the ion diamagnetic 
direction in JET plasmas within the barrier. 

The TRB code has been modified to simulate the transport of an impurity. Many aspects have been 
elucidated, in particular the mechanisms leading to an inward pinch of particles. In particular, it has been shown 
that curvature pinch plays a major role, while thermodiffusion scales as the inverse of the charge number, and is 
therefore negligible for high Z impurities. TRB simulations have been compared for the first time to laser blow 



 

54 

off experiment on Tore Supra (Figure 2.3.2), showing some agreement in the shape of the diffusion and 
convection velocity. However, the numbers were quite different. Also a reversal of the pinch velocity, as found 
in JET, was not reproduced when using the TRB code. 

 

 

 

 

 

 

 

 

 

Figure 2.3.2 - Comparison of diffusion and pinch velocity between TRB simulations (red) and Tore Supra experiments (blue). 
 

2.3.1.2. Linear local gyrokinetic code KINEZERO 

KINEZERO has been used for analyzing the impact of the α parameter on the microstability of 
internal transport barriers. 

In plasmas exhibiting an internal transport barrier (ITB), a very high pressure gradient (∇P) is 
obtained locally. It induces high values of the magneto-hydrodynamic (MHD) α parameter  (α = - q2 βR∇P/P, 
with R the major radius, q the safety factor, P the pressure, ∇ the radial gradient and β the ratio between kinetic 
and magnetic pressure). Similarly to low or negative magnetic shear (s), a large α value reduces the curvature 
and the ∇B drifts driving curvature-type microinstabilities (Figure 2.3.3). Therefore, high values of α can 
stabilize part of the microturbulence, which leads to higher pressure gradient and to even higher α. Fixing s, at s 
> 0, above a threshold in α, |∇P|/P becomes stabilizing, and a positive feedback loop is entered. At s < 0, the 
slab-type branch dominates.  

 

Figure 2.3.3 - s-α maps of the growth rate in s-1 maximum on the spectrum for kθρi < 2, i.e. ITG and TEM. Based on 9x14 
KINEZERO spectra using JET-like parameters with η = 4, Te = Ti, Zeff = 1.5. For these parameters: R|∇P/P| ~ 11 α.  
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This possibility for entering a positive feedback loop is very attractive to sustain ITBs in high 
performance plasmas. Indeed, α scales favorably with higher pressure and does not require any external 
momentum input. The experimental microstability analysis of ITBs from an international multi-machine 
database (the International Tokamak Physics Activity (ITPA) database, accessible on the web) shows that α is 
indeed a relevant parameter of ITB physics. For negative shear s, high q values are obtained inside the barrier 
and the associated high α values reinforce the stabilization of the modes by the negative shear, making easier the 
stabilization by the ExB shear. Nevertheless, the ITG-TEM growth rates hardly reach values lower than the ExB 
shearing rate. For positive shear, the curvature branch is unstable, at least for ITG-TEM modes, and the growth 
rates stand above the ExB shearing rate. The positive feedback loop between high |∇P|/P and α is close to be 
entered and be responsible of part of the ITB sustain.  In particular, in the JT-60U case, for r/a < 0.45, a higher 
|∇P|/P leads clearly to lower ITG-TEM growth rates thanks to this positive feedback (Figure 2.3.4). 
Consequently, the impact of α must be included in interpretative and predictive 1D transport models to evaluate 
more accurately the growth rates (therefore, the effective impact of the ExB shear) and also to account for a 
possible stabilization due to higher |∇P|/P. 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.4 - JT-60U #34487 at 5 s. Scan of α with |∇P|/P keeping η constant. At r/a = 0.36. Modes at kθρi < 2. Scan of 
α with |∇P|/P keeping η constant. An asterisk marks the real value. 

 

2.3.1.3. Full MHD code XTOR 
The full MHD code, XTOR, developed at the Centre de Physique Théorique (CPHT, Ecole 

Polytechnique, France) has been used for investigating the linear and non-linear MHD properties of Advanced 
tokamak scenario. The fully non-inductive Tore Supra experiments (moderate normalized pressure) have been 
studied, and a similar work has been started for the JET experiments (high normalized pressure, ~ 50% non-
inductive), in collaboration with the JET Task Forces. The aim is to better understand the MHD limitations of 
the Advanced tokamak scenario in the linear and non-linear regimes. For the case of Tore Supra, a preliminary 
work has addressed the question of the preforming phase, i.e. the path between the initial inductive phase and the 
non-inductive phase, which has proved experimentally to be critical because of MHD modes. This work has 
shown that operating at high edge safety factor favours the growth of an island on q = 2 coupled to the internal 
kink mode, which undermines the start of the non-inductive phase. Subsequently, the effort has been put on the 
explanation of global pressure crashes due to double-tearing modes on q = 2, which produce either a regime of 
periodic relaxations or a regime with permanent MHD activity and large confinement degradation (MHD 
regime). A full current drive version of XTOR has been used for this purpose. Non-linear simulations of a BT = 
3.8 T experiment reproduce well the variable amplitude of the pressure crashes, from localised off-axis crashes 
to global crashes, and show that they follow the full reconnection model. A regime of periodic relaxation is 
found for moderate pressure crashes, while the pressure does not recover for larger crashes (Figure 2.3.5). This 
latter case is similar to the triggering of the MHD regime. The stability of the n = 1 mode in the record injected 
energy discharges at BT = 3.4 T is not recovered in standard MHD simulations, and it is presently investigated by 
introducing toroidal rotation in the model. In the case of JET experiments, the resistive interchange mode and the 
infernal ballooning mode are found to dominate, in agreement with experiments in JT-60U. Their non-linear 
development is being investigated. 
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Figure 2.3.5 - Different non-linear evolutions of Tore Supra non-inductive discharge (XTOR). 

 

2.3.1.4. Fast ions modelling with the SPOT code 
The Orbit Following Monte-Carlo (OFMC) code SPOT (Simulation of Particle Orbits in a Tokamak) 

developed at the Association is dedicated to the simulation of fast ions inside the plasma. In addition to common 
OFMC operators, the code has been augmented by two operators which provide descriptions of: (i) the 
interaction between fast ions and Lower Hybrid (LH) waves; (ii) the effect of magnetic field ripple on fast ions. 
As a package of the CRONOS integrated modelling suite, it allows carrying out self-consistent simulations 
between fast ion distribution function and plasma global properties. Within the CRONOS transport code, SPOT 
has been interfaced with the DELPHINE ray-tracing code for LH waves – to study the parasitic absorption of LH 
power by fusion-born alpha particles – as well as with the Neutral Beam Injection (NBI) source code SINBAD, 
to simulate the NBI fast ion distribution function and associated quantities (e.g. current density, transferred 
power, etc). 

SPOT has first been used to study the behaviour of fast ions in tokamak plasmas with a current hole (a 
central region of the plasma virtually without any current). Current holes are frequently obtained in today’s 
tokamaks during operation of steady sate scenarios. These often exhibit internal transport barriers and have a 
high fraction of bootstrap current. The bootstrap current in combination with externally driven currents by LH 
waves (mostly driven in the outer part of the plasmas), can lead to a suppression of the current in the centre of 
the plasma, i.e. a current hole. It might also be impossible to avoid, at least transiently, current holes in the start-
up phase of reactor plasma. It is therefore important to study the behaviour of fast ions, such as fusion born alpha 
particles, in the presence of current holes. Since there is no confining poloidal field in a current hole, the orbits of 
fast ions are strongly modified (Figure 2.3.6) and their confinement is reduced. A study with the SPOT code 
shows that while the losses, mainly first orbit losses, of fusion products can be significant in present day 
machines, they should be small (less that 1%) in ITER, even for current holes up to 60% of the plasma radius. 
On the other hand, the presence of a current hole makes the alpha particle power deposition profile broader, 
which could have deleterious effects on the performance of fusion plasmas. 
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Figure 2.3.6 - Orbit topology of 3.5 MeV alpha particles inside an ITER current hole. From left to right: barely trapped, 

trapped, co-passing and counter-passing orbits. 

 
In order to control the current profile in a tokamak it might be necessary to employ auxiliary sources 

for current drive, such as LH waves. A potential problem with the use of LH waves is the possible parasitic 
absorption of wave power by fusion born alpha particles. The wave-particle interaction in this case is often 
referred to as perpendicular Landau damping, since resonant interaction takes place around a position along the 
Larmor orbit of a fast ion where ω = k⊥v⊥. However, it can be shown that this type of interaction in reality occurs 
in the limit of high harmonic cyclotron interaction. Consequently, it is possible to treat the interaction of LH 
waves and fast ions on the same footing as the normal ion cyclotron interaction. In order to be able to treat both 
normal ion cyclotron interaction and interaction with LH waves in an OFMC code, new operators have been 
developed. In particular, the operators have been derived for the use in OFMCs with an acceleration scheme, i.e. 
when one simulated orbit is taken to represent many orbits in reality (a procedure that is justified by the fact that 
an individual particle orbit is only very weakly perturbed during a poloidal revolution in a tokamak). The main 
difficulty in the treatment of wave-particle interaction in an OFMC with an acceleration scheme is associated 
with the expectation value of the Monte-Carlo operator. The derived operator has been implemented in the SPOT 
code for studies of the interaction of fusion born alpha particles and LH waves in ITER. Since the LH waves 
cannot penetrate very deeply into dense ITER plasma, the extent of the radial profile of the alpha particles at the 
edge of the plasma becomes important. In the edge region of the plasma the alpha particle profile is influenced 
by the magnetic field ripple, caused by the finite number of magnetic field coils. As a result, it has also been 
necessary to implement operators representing field ripple in the SPOT code. Moreover, an ad hoc operator 
representing “anomalous” transport of fast ions has been implemented in order to evaluate the maximum 
tolerable limit of diffusion coefficient assuring a moderated absorption of LH power by alpha particles. The 
results have shown that the LH parasitic absorption by alpha particles remains negligible (< 2%) for an LH 
frequency of 3.7 GHz, except when a large anomalous diffusion coefficient is considered (1 m2/s) leading to a 
parasitic absorption up to 8%. However this diffusion coefficient may be considered as an upper limit for fast ion 
transport, as this is the range of the thermal particle transport. For an LH frequency of 5 GHz, the parasitic 
absorption is negligible even with a large anomalous diffusion coefficient, as can be seen in Figure 2.3.7. 
Regarding fast ion losses, simulations indicate that they remain negligible whatever the ITER scenario (i.e. of the 
order of a few kW/m2). 

 
Figure 2.3.7 - LH power absorbed by alpha particles as a function of the anomalous diffusion coefficient, for the three ITER 

scenarios, both for fLH = 3.7 GHz and 5 GHz. 
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Coupled with the SINBAD code for Neutral Beam Injection, SPOT is able to simulate the distribution 
function of NBI fast ions inside the plasma, leading to an accurate evaluation of the fast ion current density as 
well as the power transferred to the bulk plasma. The use of an OFMC code for such a task allows treating 
transitory regimes and NBI modulation during a discharge, and leads to an accurate evaluation of fast ion losses. 
In the future, this will also allow to carry out comparisons with fast ion diagnostics based on charge exchange, 
by reconstructing the experimental measurement from the 2D fast ion distribution function energy × pitch angle 
in the (R,Z) plane. As an illustration, Figure 2.3.8 shows the time evolution of the NBI total power and power 
transferred to bulk particles for a DIII-D discharge during an NBI modulation. For the next step, a convection 
term has been added into the Monte-Carlo operator for fast ion anomalous transport in order to reproduce the 
experimental DIII-D fast ion current in the presence of MHD instabilities in the plasma: the measured off-axis 
current density is assumed to be due to the interaction between fast ions and Toroidal Alfvén Eigenmodes 
(TAEs); this study is still on-going. 

 
 
Figure 2.3.8 - NBI power (red line), power transferred to the bulk plasma (blue line), and lost power (green line) according 

to SPOT simulations, for DIII-D discharge #122671. 
 

2.3.1.5. Fast electrons modelling with the drift kinetic LUKE solver 
Once the pattern of the electric wave field is calculated by wave propagation solvers (ray, beam-

tracing or full-wave), it is possible to calculate the current driven by the resonant interaction between non-
thermal electrons and the radio-frequency waves, in the framework of the quasi-linear theory. This part of the 
calculation is performed using LUKE, a 3-D (1-D in configuration space, 2-D in momentum space) relativistic 
electron bounce-averaged drift kinetic equation solver based on a finite difference numerical technique.  

This code has reached a very mature state after three years of intense development. Using curvilinear 
coordinates, it is possible to take into account trapped electrons for an arbitrary tokamak magnetic configuration, 
bounce integrals being calculated numerically in the thin banana approximation. The fully implicit or time-
reversal algorithm on which it is based, allows a direct evaluation of the steady-state solution with respect to the 
collision and fast electron radial transport time scales (time evolution are also possible with a standard Crank-
Nicholson second order time scheme). It is therefore a very fast tool for kinetic calculations, an important aspect 
for integration into tokamak simulators like CRONOS or the ITM-TF. It is the first code that implements the 
fully implicit description with the radial dynamics, while all other available tools use the usual operator splitting 
technique that considerably lowers the rate of convergence towards the steady-state solution. It is therefore 
possible to address the role of anomalous fast electron transport consistently with the quasi-linear convergence, 
an effect that has never been simulated so far. In order to take benefits from the rapid progress in the high 
performance computing techniques, several powerful parallel and distributed matrix inversion solver packages 
have been included, which also greatly improve the overall numerical performances. 

Besides these technical aspects that make this tool one of the world leading codes for current drive 
calculation, the whole calculation of the quasi-linear diffusion coefficient Dql for arbitrary high frequency has 
been carefully revisited, as well as the associated energy equation to be solved in order to obtained a electron 
distribution function consistent with Dql. Extensive benchmarking has been made with theoretical predictions, 
but also with other numerical tools, such as the USA code CQL3D. From its design phase, this code can 
calculate the effect of different radio-frequency waves (simultaneously or independently) on the distribution 
function and the resulting current drive.  
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An original aspect of LUKE is that the implementation of first order drift correction enables self-
consistent current drive simulations with the electron bootstrap fraction. This makes it so far the only code able 
to tackle the critical problems of current in regions of the plasma where the pressure gradient is strong (ITB, H-
mode pedestal). This also allows assessing the possible synergistic neoclassical effects, which could be 
significant for the Lower Hybrid wave especially. An example of an application of LUKE is shown on Figure 
2.3.9, where the code has been employed to evaluate the particle transport induced by the Lower Hybrid wave 
field. 

 

 

Figure 2.3.9 - Radial transport effect on the momentum dynamics for LH current drive. 
 

In the medium term, it is scheduled to add finite orbits effect in LUKE, in order to address the 
problem of fast electron transport induced by radio-frequency waves, especially Lower Hybrid waves, for which 
quite large pinch or diffusion effects are expected. In this context, it will be necessary to revisit the calculation of 
the traditional quasi-linear diffusion coefficient, in order to correctly describe toroidal mode coupling. This 
important effort will be done in collaboration with several US physicists who are specialists of this domain. 
These enhancements will make it possible to extend the code to ion physics, and make it a multi-species kinetic 
tool. Though the question of anomalous ‘potato’ ion orbits will remain a very difficult problem for this kind of 
finite difference code, it will nevertheless allow the study of numerous interesting regimes for ITER. In this 
sense, LUKE is a complementary tool to ion Monte-Carlo codes, which are more appropriate for ion species 
characterized by anomalous orbits. 

 

2.3.1.6. Lower Hybrid coupling code ALOHA 
A new version of the Lower Hybrid (LH) coupling code ALOHA has been written. This code 

computes the 3D antenna scattering matrix from the commercial software HFSS. For the plasma scattering 
matrix, a 1D description is now available but work is in progress to implement a 2D description which can deal 
with electron density gradient in the poloidal direction. The present version can already model the electron 
density near the antenna by taking into account several plasma layers with different decay lengths. Mapping of 
the electric field in front of the antenna is now available. Density below cut-off can also be considered for the 
plasma scattering matrix: this is very useful for modelling the coupling of active-passive multijunctions (PAM) 
which can be operated near and even below the cut-off density with low reflection coefficients (RC). 

The code was benchmarked by comparing the outputs with those of SWAN (the previous LH coupling 
code developed and used at the Association) and with TOPICA (developed by Politecnico Torino). 

The coupling properties of the Tore Supra C3 launcher were studied in detail with this code. In 
particular, the high RC value of the external modules 1 and 8 (RC ~ 10%) could be modelled, assuming that the 
density at the plasma-antenna interface is very close to the cut-off density (ne = 2x1017 m-3); the low RC values of 
the internal modules 2 to 7 (RC < 5%) are also reasonably well modelled (Figure 2.3.10). 
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Figure 2.3.10 - Power RC for the 8 upper modules (H) and the 8 lower modules (B) of the TS C3 launcher. Four densities ne0 

at the antenna-plasma interface and two density gradients ne0/ ∇ne0 are considered. 

 
The code ALOHA was also used to model the new PAM-type Tore Supra antenna (C4) and for the 

proposed 5 GHz LH antenna on ITER. The complete simulation of the PAM antenna has been carried out in 
different realistic configurations. The results are shown on Figure 2.3.11. When the electron density ne is below 
the cut-off density nec (ne/nec = 0.58), the power reflection coefficients in the modules do not exceed 5%, even in 
the external modules. When the electron density becomes larger than nec (n/nec = 3.5), the power reflection 
coefficients in the internal modules increase up to 7%. This behaviour is due to the presence of passive 
waveguides enabling a better matching when the density decreases, whereas excited waves in the plasma tend to 
be reflected. 

 
Figure 2.3.11 - Power RC of a PAM-type C4 antenna. Three densities ne0 at the antenna-plasma interface and two density 

gradients ne0/ ∇ne0 are considered. 
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2.3.1.7. Electrostatic Accelerator Monte-Carlo simulation Code (EAMCC) 
A 1 MeV and several 10 MW class neutral beam (NB) injector is required for plasma heating and 

current drive in future fusion machines. For ITER, the NB injector is designed to deliver 1 MeV, 17 A of neutral 
deuterium atoms (i.e., 17 MW of power). The device is mainly composed of a negative deuterium ion source 
delivering a current on the order of 28 mA/cm², an electrostatic accelerator providing a 1 MeV, 40 A negative 
ion beam and a neutralizer which converts the beam into high energy neutrals. 

Inside the accelerator there are several types of interactions that may induce the creation of secondary 
particles. The secondary emission processes originate from (i) co-extracted plasma electrons leaving the negative 
ion source, (ii) negative ion stripping inside the accelerator vessel by collisions with the residual gas, and (iii) 
ionization of the latter. The secondary particles produced (which may include electrons or heavy particles such 
as neutrals and positive ions) either follow a straight path or are deflected by the electrostatic and magnetostatic 
fields inside the accelerator and may, in turn, induce more secondary production by direct impact with the 
accelerator grids or ionization of background gas. The overall power deposition induced by secondary particles 
may be of the order of a few MW and consequently a precise understanding of its origin and location inside the 
accelerator cavity is required for design improvement. 

Modelling of the secondary emission processes in the ITER-Multi-Aperture-Multi-Grid (MAMuG) 
accelerator has been performed with the code EAMCC, a 3-dimensional (3D) relativistic particle tracking code 
where macro-particle trajectories in prescribed electrostatic and magnetostatic fields inside the accelerator vessel 
are calculated. In the code, each macro-particle represents an ensemble of rays (carrying a micro-current 
typically of the order 50 nA) considering the time-independent physical characteristics of the system.  

The electrostatic field map is obtained from a Poisson solver assuming a 2D cylindrically symmetric 
(RZ) grid. The magnetostatic field from a set of permanent SmCo magnets is calculated following a semi-
analytical approach while the field from a ~ kA intensity circulating through the plasma grid is calculated 
assuming an infinitely thin electron sheath (e.g., a surface current).  

Collisions are described using a Monte-Carlo method. The several kinds of collisions considered in 
the code are: (i) electron and heavy ion/neutral collisions with plasma grids, (ii) negative ion single and double 
stripping, and (iii) ionization of background gas. Note that each secondary particle, which is generated in the 
simulation, is actually considered as an independent macro-particle. 

The MAMuG concept consists of an extraction system and a five-stage electrostatic accelerator where 
each stage provides 200 keV of energy gain to the particles (Figure 2.3.12). 

 

 
 
Figure 2.3.12 - Geometry of MAMuG accelerator shown together with particles trajectories: (red) negative deuterium 

ions, (green) neutrals, (blue) positive ions, (purple) positive molecular ions and (black) electron trajectories. 
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For the MAMuG example, it is observed that ~ 98.5% of co-extracted plasma electrons are collected 
by the extraction grid, corresponding to a power deposition of ~500 kW. For the simulation, we assumed one 
electron per ion extracted, providing a co-extracted electron current density of ~ 28.6 mA/cm² (~ 56 A total). The 
latter value was deduced from negative ion stripping calculations, which give a relatively high loss rate in the 
accelerator (~ 29%). Consequently, it is necessary to extract 56 A of ions in order to produce 40 A of 1 MeV 
negative ions at the accelerator exit. The total power deposition together with induced currents on the accelerator 
grids is shown in Figure 2.3.13, considering only contributions from secondary particles generated by negative 
ions stripping. The total power is found to be ~ 6 MW. Note that ~ 900 kW of power is transmitted by secondary 
particles back to the ion source (carried by positive ions) and ~ 3 MW towards the neutralizer (carried mostly by 
neutrals). 

 

 
 

Figure 2.3.13 - (a) Total power deposition and (b) total current on accelerator grids induced by secondary particles 
generated by stripping reactions. 

 

2.3.1.8. Edge Localized Modes (ELMs) Mitigation by Resonant Magnetic Perturbations 
Reduction of the heat and particles loads on the Plasma Facing Components (PFCs) due to Type I 

ELMs remains a significant research problem for future tokamaks. The idea to use edge ergodisation for ELMs 
control is based on increasing the edge transport trough the External Transport Barrier (ETB) to prevent the 
pressure gradient from reaching the critical value that triggers ideal MHD instabilities responsible for Type I 
ELMs, thereby suppressing them without significant loss of plasma confinement. The experimental success of 
DIII-D and later on of JET on ELMs control using Resonant Magnetic Perturbations (RMPs) generated by 
external coils motivated the present study of possible designs of RMP systems for ELMs control in ITER. This 
work was supported by a contract between EFDA and the Association. A number of possible designs of external 
or in-vessel coils generating RMPs were analyzed for ITER reference scenarios taking into account physical, 
technical and spatial constraints. Designs with a toroidal symmetry n = 3 were considered to avoid a lower n 
number producing larger central islands, a potential trigger of central MHD. The optimum spectrum of RMPs 
(small core perturbations and maximal edge perturbations) for all reference scenarios can be generated by coils 
situated as close as possible to the plasma. However, at present the general consensus is that the in-vessel coils 
should be avoided because of the severe technical constraints. We proposed as the most feasible ITER design 36 
external coils (Figure 2.3.14), which can produce the same edge ergodicity as in-vessel coils at 20 kAt, but with 
a larger current of 200-300 kAt. The RMP coils design work for ITER is done for vacuum fields. The plasma 
response to RMPs was also modelled using the non-linear MHD code JOREK and analytical estimations. Two 
main issues were identified. A screening effect on the RMPs due to the plasma rotation is predicted (Figure 
2.3.15). However, for ITER plasma parameters a small screening effect is expected for the pedestal region, in 
contrast with the core, where RMPs are estimated to be an order of magnitude smaller compared to the vacuum 
fields, which is a positive effect with respect to triggering core MHD. Secondly, a fast and larger (as compared 
to the diffusive transport) convective density transport due to ExB drift generated in the presence of RMPs was 
demonstrated in modelling. 
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Figure 2.3.14 - Design of 36 external (18 upper and 18 lower) coils for ITER producing at 200-300 kAt (depending on the 

scenario) the same edge ergodicity as in-vessel” blanket” coils  in ITER at 20 kA and as in reference case of ELM 
suppression by in- vessel I-coils on DIII-D at 4 kAt. 

 

 
Figure 2.3.15 - Poincaré plots done by code JOREK for DIII-D shot #12233 with ELMs suppression by I-coils at Icoil = 4 kAt 

without plasma rotation (upper plot) and with plasma rotation at frequency f = 2.710-3, τA
-1~20 kHz  (lower plot). 

 

This work will be continued in the frame of a worldwide international collaboration in the experimental 
field with coordinated experimental programs on ELMs mitigation (or total suppression) planned on DIII-D 
(USA), JET (EU), MAST (UK) and COMPASS-D (Czech Republic). At the same time, a large theoretical and 
numerical effort is engaged on design work for ITER in collaboration with the USA in order to self-consistently 
model RMPs in more ITER–like plasmas (i.e. at lower plasma resistivity). This effort should incorporate the 
toroidal plasma rotation, the presence of unstable ballooning–peeling modes and diamagnetic effects. 
 

2.3.2. Integrated modelling with the CRONOS code 
 

The CRONOS integrated modelling code developed at the Association has been used for 
interpretative simulations of experiments in Tore Supra, JET, FTU, DIII-D.... Predictive simulations have been 
also performed for various operating modes (ELMy H-mode, Advanced tokamak, Hybrid) in several existing 
devices and in particular for the next step, ITER and DEMO. 

 

2.3.2.1. Interpretative simulations of Tore Supra plasmas 
The CRONOS code is routinely used for interpretative analysis of Tore Supra and JET plasmas. 

Current diffusion is predicted in this case, allowing predicting the q-profile dynamics of the discharge. The result 
is then compared to the available experimental evidence of the current profile (internal inductance, MHD events, 
polarimetry and MSE measurements…). Because CRONOS gathers data from many diagnostics and features 
dedicated post-processing tools, it is used as an efficient tool for data validation, i.e. cross-checks of consistency 
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between the various available measurements. An example of interpretative simulation for a LHEP (Lower 
Hybrid Enhanced Performance) plasma is shown in Figure 2.3.16. 

 

 

 

 
 

Figure 2.3.16 – Left - overview of Tore Supra discharge #34923, featuring a spontaneous hot core LHEP transition at t = 52 
s. Right - CRONOS results: estimated q-profile (top) and internal inductance (bottom). 

 

2.3.2.2. Multi-machine studies of the Hybrid scenario 
Hybrid discharges from AUG, DIII-D, JET and JT-60U have been analyzed with the CRONOS code 

in the frame of an invited EPS 2005 paper of the ITPA Transport Physics group. The properties of current 
diffusion and energy transport have been analyzed and the capability of “first principles” transport models, 
GLF23 and Weiland model, to predict the heat transport of these discharges has been tested. The main results 
from this study are: 

- Most of these discharges are found linearly stable in a very large core ρ < 0.6, while transport 
is clearly anomalous outside ρ = 0.2 for the discharges that have been analyzed. Therefore, 
these discharges are challenging test cases for the most advanced gyrokinetic theories and 
codes, i.e. global non-linear calculations that may provide turbulence spreading and non-local 
transport. The mild residual MHD activity is another possible candidate that could induce heat 
transport in the core of hybrid discharges. 

- The GLF23 and Weiland model have been tested against the dataset. No systematic agreement 
is found, and the predictions can be in some cases quite far from the experiment. Anyway, the 
accuracy of the prediction using these models is not correlated with the H98 factor, which is 
found to vary significantly within the dataset. Therefore, the origin of high H98 factor observed 
in some experiments cannot be ascribed to specific core transport properties of those scenarios. 

2.3.2.3. Plasma real-time control in DIII-D 
In the framework of a collaboration with General Atomics, the CRONOS integrated modelling code 

developed at the Association has been used for the analysis and the simulation of real-time control experiments 
on DIII-D. With respect to the other codes used routinely at GA (ONETWO, TRANSP), CRONOS has the 
advantage of being able to simulate feedback controllers. The goal of this work is to optimize the design of a 
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controller for the DIII-D experiments aiming at controlling the q-profile dynamics during the current ramp-up 
with actuators like NBI and ECCD. 

The first analysis of the existing experiments have been performed, as well as predictive simulations 
of the capability of a simple proportional gain controller to have an effect on the q profile (Figure 2.3.17). 

 

 
 

Figure 2.3.17 - Three test cases of simulating the proportional gain qmin controller using the CRONOS transport code. (a) 
Target value of qmin (solid lines) and predicted qmin value (dashed line). (b) Feed-forward neutral beam power (solid line), 

the same for all 3 cases, and the required neutral beam power computed in the simulations. 

 

2.3.2.4. Simulation of the Hybrid scenario in ITER 
The reference ITER operating mode is the ELMy H-mode, with IP = 15 MA, BT = 5.3 T, R = 6.2 m, a 

= 2.0 m, κx = 1.85, δx = 0.5, Palpha = 80 MW, and Paux = 40 MW, obtaining a fusion gain (Q = Pfusion/Paux) of 10.  
The Hybrid mode has the same geometry and toroidal field, but operates at lower plasma current, 12 MA, 
leading to a higher safety factor and requiring lower loop voltage to drive inductive current.   

Integrated modelling of these scenarios has been performed in the framework of the Steady State 
Operation (SSO) topical group of the International Tokamak Physics Activity (ITPA). A common set of 
parameters has been identified and the global outputs of various codes have been compared. The CRONOS 
project team has been the only European group participating in this common effort. 

Simulations of the Hybrid scenario are done using both fixed and free-boundary 1.5D transport 
evolution codes including CRONOS, ONETWO, TSC/TRANSP, TOPICS, and ASTRA.  The Hybrid operating 
mode is simulated using the GLF23 core energy transport model. The DT fuel ion ratio is assumed to be 50-50; 
the impurities are Be and Ar, with assumed fractions of 2% and 0.12%, respectively. The impurity density 
profiles are forced to be the same as the electron density, while the impurity temperatures are set equal to the 
main ion temperatures. The fuel ion density profiles are determined from quasi-neutrality. The electron density 
profile is prescribed to give a very broad profile with a peak to volume average of about 1.05, and the peak value 
and separatrix value are specified. For these simulations the pedestal parameters are specified as ρped = 0.925, 
nped = n(ρ = 0.925) = n(0) = 0.85 x 1020 m-3, Tped is set to 5 keV.  The plasma density profile assumed is shown in 
Figure 2.3.18, and has its value linearly reduced from the maximum value at ρped = 0.925 to 0.35n(0) at the 
separatrix, while all temperatures are forced to be 200 eV at the separatrix. The ratio of the effective particle to 
energy confinement time (τp

*/τE) is enforced to be 5.0. The injected powers are limited to the negative ion NBI 
(1 MeV, 33 MW, steered to full off-axis) and ICRF heating (20 MW, 53 MHz, 2nd T harmonic). 

Figures 2.3.18 and 2.3.19 show the temperature, density, safety factor, external power deposition and 
toroidal current density profiles from the various ITER hybrid simulations using NBI and ICRF heating.  
Overall, the agreement on electron and ion temperature profiles is reasonable; however, the differences inside of 
ρ = 0.25 are as large as 10 keV.  The various codes have used the GLF23 model with slightly different settings 
(α stabilization on or off, toroidal momentum transport on or off) indicating that very strict prescriptions for the 
use of GLF23 will be required to understand the implementation differences of the codes. The safety factor 
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profiles are similar, with the differences well correlated to the differences in the toroidal current density profiles. 
In order to reproduce the behaviour of experimental Hybrid discharges in which q remains above 1, the 1.5D 
transport codes will require an artificial model controlling the current profile. The total external heating profiles 
for electrons and ions, which include both the NBI and ICRF heating, are in fairly good agreement, with most 
differences attributable to well known modelling differences (linear ray-tracing versus full wave for ICRF, or 
Monte-Carlo orbit following versus Fokker-Planck for NBI), although some differences are linked to the slightly 
different ICRF frequencies used (52.5 versus 56 MHz, for example) and to the inclusion of impurity and fast 
particle effects. 

 
 
Figure 2.3.18 - Electron temperature profiles and density profile (a), ion temperature profiles (b), safety factor profiles (c), 

for the NB+IC ITER Hybrid simulations 

 

 
 

Figure 2.3.19 - External power deposition profiles to electrons (a) and ions (b) and the toroidal current density (c) for the 
NB+IC ITER Hybrid simulations. 

 

2.3.2.5. Predictive simulations for DEMO 
The DEMO reactor should work in steady-state; therefore, one of the main physics challenges will be 

the establishment and the control of a non-inductively driven current density profile. This problem has been 
studied in the frame of an EFDA task that will provide a set of CRONOS simulations of a DEMO steady-state 
discharge, in which the various current sources combine to yield an MHD-stable current density profile. It 
should be stressed that the existence of such a scenario is not a priori guaranteed. Therefore, the 1-D modelling is 
an essential step for the first design phase of DEMO and of course also of the following commercial reactor. 

CRONOS can in principle solve coupled evolution equations for electron and ion temperatures, 
plasma current, density, rotation and impurities. Nevertheless, even for ITER, this type of fully integrated 
simulations are still a very difficult task and will also be of limited practical interest in the absence of a well 
developed pedestal model and reliable edge-core coupling. Therefore, for this task we concentrate on simulations 
of coupled heat and current transport equations, at prescribed plasma density and impurity content, with no 
evolution of the rotation velocity profile. 

With the aim of analyzing the performance of DEMO for different plasma regimes, two 
configurations have been chosen as representative, respectively, of the full inductive scenario with low bootstrap 
fraction, and of a more advanced scenario which could be close to the steady state regime with lower inductive 
current. The global characteristics of the operation scenarios considered for DEMO as well as some of the main 
global parameters obtained in the simulations are shown in Table 2.3.1. In fact, the full inductive scenario is just 
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an extrapolation of the expected ITER inductive regime, with a high amount of external current, large major and 
minor radii and small elongation and triangularity. Unlike the inductive case, the advanced scenario tends to 
decrease the inductive current, the toroidal vacuum magnetic field and major and minor radius, whereas the 
bootstrap fraction increases. In this configuration, longer or even steady-state discharges are expected; however, 
the large amounts of non-inductive current necessary can be a drawback. For comparison, the equilibria 
computed by the HELENA code self-consistently with the stationary phase of the CRONOS runs are shown in 
Figure 2.3.20, for the inductive and the advanced DEMO, respectively. 

 
TABLE 2.3.1: GLOBAL CHARACTERISTICS OF THE DEMO OPERATION SCENAR IOS 

Parameter Inductive Advanced 
Major radius R (m) 9.55 7.5 
Minor radius a (m) 3.15 3.0 

Elongation/Triangularity 1.7/0.25 1.9/0.47 
Bt (T) 7.0 6.0 
I (MA) 30.5 19 

ne,0/ <ne> (1019 m-3) 12/10.3 13/10 
ne/nG 1 1.25 

Te,0 (keV) 42 35 
Ti,0 (keV) 60 40 

Pfus/ Padd (MW) 4300/246 2500/135 
Psynch/ Pbrems (MW) 120/156 30/100 

fBS (%)/ Q 28/17.5 48/18.5 
q0/q95 0.81/3.4 1.4/4.5 

 

The density and the electron and ion temperature profiles as well as the heating power profiles 
obtained for the advanced DEMO when t = 2500 s (very close to a steady state) are shown in Figure 2.3.21. The 
central ion temperature, Ti,0 ≈ 40 keV, is slightly higher than the central electron temperature Te,0 ≈ 35 keV, 
although the pedestal is similar Tped ≈ 6 keV. Heating by off-axis NBI (95 MW) and by LH waves (40 MW) is 
applied. Ad hoc, but reasonable, values for the power deposition profiles and for the CD efficiencies have been 
used in these preliminary simulations (the new NBI module and a full ray-tracing/Fokker-Planck module of 
LHCD, which require long CPU times, will be used in a later phase of the project). The current density profiles 
in steady state and the q profiles at three different times are shown in Figure 2.3.22. These plots display good 
properties: an inverted and marginally higher than unity q profile. The fusion power obtained is 2.5 GW, in 
reasonable agreement with the 0-D analysis. In this scenario, long pulse operation is made possible by a large 
amount of injected power (= 195 MW), which implies a rather low Q = 18.5 (Figure 2.3.23). Still, as shown in 
Figure 2.3.24, the non-inductive current fraction is of the order of 75%, the pressure limit (βN = 4li) is attained, 
as well as the Greenwald limit. Improvements could come from the use of a transport model allowing for the 
formation of an ITB (which is not the case for the GLF23 model used in these simulations). 

 
Figure 2.3.20 - Computed equilibria for the inductive (left) and the advanced (right) DEMO, respectively. 
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Figure 2.3.21 - Computed temperature and density profiles (left) and heating power profiles (right) for the advanced DEMO 
parameters. 

 

 
 

Figure 2.3.22 - Computed current density profiles at steady state (left) and safety factor profiles at three different times 
(right) for the advanced DEMO parameters. 

 
The results obtained in these first series of CRONOS simulations are encouraging, since they show 

that a regime close to the Hybrid one can be possibly attained in DEMO with a reasonable amount of CD power.  
Nevertheless, the main aim of obtaining a fully non-inductive regime (at a value of Q ~ 20) has not been 
attained. Since the total current drive power cannot be further increased without lowering the Q, the basic 
ingredient that has to be exploited is the development of a transport barrier. If a pronounced reversal of the q 
profile can be obtained on a large part of the plasma cross-section by a suitable combination of off-axis current 
drive sources, the bootstrap current will increase at the barrier location, enhancing the effect in a positive non-
linear loop. The next problem will of course be the control of such a process.  Finally, the use of full NBCD and 
LHCD computations by advanced modules (MonteCarlo and ray-tracing/Fokker-Planck, respectively) will be 
necessary in order to validate the scenario. 
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Figure 2.3.23 - Computed time evolutions of several plasma quantities for the advanced DEMO parameters. 

 
 
Figure 2.3.24 - Computed bootstrap, non-inductive, Greenwald fractions (top) and βN, 4li, H-factor time evolutions (bottom) 

for the advanced DEMO parameters. 

 

2.3.3. Integration 
 

The Association has been playing an active part in the European Task Force on Integrated Tokamak 
Modelling (ITM) since 2005. One of the projects of the Task Force is to set up hardware and software 
architecture needed to couple the tokamak plasma modelling codes. 

After the publication at the end of January 2006 of the specific requirements for modelling 
integration, a study of the integrated simulation systems led to the selection of three existing platforms for 
testing: KEPLER, which is used for geophysics and for fusion in the USA, CACTUS for astrophysics and 
SALOME for fission reactors in Europe. 

These three platforms were installed on the “ITM” machine (64-bit AMD-based SUN GRID 
machine), housed in the partners’ area of the DRFC computer room so that staff from outside the CEA can also 
access it. An initial level of evaluation was carried out with standard programs from the suppliers during July 
2006. A more comprehensive evaluation procedure was then set up. This is based on the integration of the MHD 
stability codes (HELENA, MISHKA, SPOT and EFIT). The languages used by these codes are MATLAB and 
FORTRAN. The description of the data has been standardised by the ITM and is available for MHD stability 
data in the form of XML schemas. Access is via the Frascati MDS+ server. 
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A large part of the work has been devoted to perfecting access to JET, Tore Supra, FTU and ITER 
data via an MDS+ server running on 64-bit AMD machines.  

The workflows used to evaluate the platforms are shown in Figure 2.3.25. 

  
 

Figure 2.3.25 - Workflows used to evaluate the platforms 

 
The first part of the evaluation led to the CACTUS platform being rejected, as it did not have enough 

tools for the ITM. The graphic interface of the workflow in SALOME, integrating a display of the simulated 
data, is shown in Figure 2.3.26. 

 
 

Figure 2.3.26 - Graphic interface (SALOME platform) 
 

The codes were integrated into KEPLER and SALOME with access to the experimental data, enabling 
comparison of the two platforms. KEPLER was chosen for the ITM, while collaboration with CEA/Saclay DEN 
was maintained for the development of SALOME. 2D and 3D display tools were added to KEPLER, as well as 
graphic interfaces for the physicists. 
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Estimates made in 2005 regarding the computing time and the amount of data demonstrated the need 
to have a great deal of computing power on distributed computers (codes weakly coupled) or on super-computers 
(simulation codes strongly coupled). We have therefore become involved in worldwide distributed computing 
grid projects for fusion (FUSION Virtual Organization under the aegis of EGEE) in partnership with 
CEA/Saclay DAPNIA and with CERN. Computing and display tests currently being run were carried out on the 
CERN EGEE II grid with fusion codes (HELENA, etc). The fusion computing grids can be accessed via the 
FUSION virtual organisation, and a library is currently being written for executing programs on the grid from 
the KEPLER platform. 

A number of tools are also being developed, including a graphic interface for the simulator and a Web 
access portal. This portal will run on the machine dedicated to modelling and will make it easier to use the 
computing platforms and grids (Figure 2.3.27). 

 
Figure 2.3.27 - Web portal project dedicated to the use of computing platforms and grids 

 
 

2.4. FORMATION / TEACHING / COLLABORATIONS 
 

2.4.1. Formation and teaching  
 

The Association has a proactive policy for taking trainees, PhD students and post-doctorate students, 
whose importance for research dynamics is recognised. 

The trainees mainly attend training as part of their degree studies, and an agreement is systematically 
signed with the training establishment (university or college). Each year, around 80 trainees are taken on for an 
average period of 3 months.  

The Association receives between 15 and 20 PhD students, most of whom have a three-year research 
training contract. Four thesis were presented in 2005 and six in 2006. Seven are expected in 2007. In 2005, the 
Association introduced strong encouragement for its researchers to obtain the Habilitation à Diriger les 
Recherches (HDR - authorisation to supervise research), as the new thesis from the last twenty years do not 
automatically qualify their writers to supervise research, as was the case with the older thesis. In addition to the 
two researchers authorised before 2005, four authorisations have been obtained in the last few months, and 
several more are being prepared. 

The Association also takes about ten post-doctorate students who are adding further experience to 
their thesis-based training, enabling most of them to find a steady job as a researcher. Some of them have 
recently been signed on at the DRFC. 

The Association has been heavily involved in the 2006 European invitation to tender concerning the 
training of technology scientists (trainees) who will be needed by the fusion programme in years to come. The 
Association obtained funding for 6 trainees based at Cadarache, who also have to spend time in other 
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Associations. In the same context, trainees accepted by other Associations will complete their training by 
spending time at Cadarache. 

The Association also contributes to training by supporting students preparing Travaux Personnels 
Encadrés (TIPE or TPE - supervised personal management projects, mainly carried out by final year school 
students). Each year around 120 students interact with the Association, which they visit for one day. 

The week-long “Ecole Plasmas Chauds” (Hot Plasma School), organised each spring at Cadarache, 
provides training in French, complementing the Culham and Carolus Magnus Summer Schools, aimed at 
students and young scientists interested in thermonuclear fusion. 

About ten researchers from the Association provide 160 hours of teaching at master’s level in the 
colleges and universities. These numbers will double in 2007 with the setting up of the national “Sciences de la 
Fusion” (Fusion Sciences) master’s degree in France, involving 10 higher education establishments. The 
Association has played an active role in setting up this degree, and will provide 18 lecturers. 

 

2.4.2. Collaborations 
 

2.4.2.1. National collaborations 
The EURATOM-CEA Association collaborates with laboratories belonging to the CNRS and French 

universities. These collaborations have continued to develop, both in terms of work volume and the number of 
laboratories involved. These collaborations concern both theoretical and experimental work on Tore Supra and 
JET. They are partially funded by EURATOM as part of general support for the Association Agreement and they 
enable these laboratories to fund missions, the purchase of small equipment, and contracts for post-doctorate 
students. 

In 2005-2006, these collaborations involved around thirty teams from about twenty different 
laboratories, with a work volume of 37 man-years, each year corresponding to a total budget of 500 k€. This is 
an increase of almost 50% in relation to the previous period. There are now 5 LRC (Laboratoire de Recherche 
Correspondant - Corresponding Research Laboratory) and a sixth is in the process of being signed up, up from 4 
previously. 

The collaborations are organised according to the following seven projects: 

1. Theory: gyrokinetics, transport, equilibrium 

2. Centre and edge turbulence 

3. Plasma-wall interaction 

4. Atomic physics 

5. Waves 

6. Superconductors 

7. Materials 

Each of these projects is broken down into several topics, each topic being the responsibility of one 
laboratory. This is formalised by a research contract, which is revised annually. 

This organisation has enabled numerous teams to be involved in the fusion research programme, with 
an increase in national collaborations (between laboratories associated with these projects) and international 
collaborations (via the European fusion programme). 

The major scientific results are incorporated in the scientific chapters of this document. 

To increase the involvement of national laboratories in the fusion programme, ITER and the Broader 
Approach, it was decided to strengthen the links between these laboratories by creating a research federation, 
which officially starts in 2007. The purpose of this federation will be to: 

- Continue adding to the scientific and technological database on controlled thermonuclear 
fusion in the fields of plasma physics (experimental, theoretical and modelling) and 
technology, in particular materials. 
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- Contribute to the construction and operation of ITER, in particular by participating in the R&D 
necessary for the success of these two phases. Experimentation on this nuclear facility will 
require, in particular, appropriate heating and fuel sources, effective methods for extracting the 
heat and particles produced, high-performance diagnostics, methods for interpreting and 
processing the high data flows, and real-time control of the characteristics of the confined 
plasma and the wall facing the plasma. 

- Take part in the design of an electricity-generating reactor, one of the key energy objectives of 
a durable development policy in the event that thermonuclear plasma control is demonstrated 
in ITER. This design must take into account the socio-economic aspects of this technology, 
while fully recognising work from the humanities and social sciences community and while 
making sure that the general public has understood the issues at stake.  

 

2.4.2.2. International collaborations 
In addition to major participation in JET activities, the EURATOM-CEA Association has maintained 

a high level of communication with the other laboratories in the European Union and the other international 
partners in a large number of fields. In particular, a specific collaboration has been developed within the 
framework of the DITS (Deuterium Inventory in Tore Supra) project, involving 13 laboratories, including 8 
foreign laboratories (Germany, Slovenia, Finland, Sweden, Spain, and Russia). 

Amongst the EURATOM associations, strong contact has continued with the Czech Association, 
followed by the German and Italian Associations, which account for a large proportion of the collaborations with 
the countries of the European Union, principally in relation to the devices experimental programmes and 
modelling. In this context, the development of several collaborations with the IPP-Greifswald Association 
concerning the W7X stellarator (coils, PFCs, etc) should be noted. Collaborations with the other associations, 
although only concerning one or two topics, are nevertheless very active. 

Outside the European Union, it is with China (SWIP in Chengdu and ASIPP in Hefei) that 
collaborations are increasing most, with formalisation in the form of specific topics of cooperation (STC) 
defining the objectives and methods associated with each subject. As well as welcoming several Chinese 
scientists each year, a CEA employee has completed a one-year secondment at ASIPP and another one gave a 
series of lectures. Four subjects for collaboration have also been formalised with Russia, through the signature of 
STCs (with the Efremov, Kurchatov, MEPhI and Triniti laboratories). The new collaboration with the Ukraine 
on magnetic measurements using Hall probes is important for ITER. Collaborations with the USA are continuing 
with several laboratories (MIT, GA, PPPL and ORNL), without the same level of formalisation, as they are for 
the most part due to individual initiatives (these are mostly collaborations on theoretical topics, all at a very high 
level). 

The major scientific results obtained within the framework of these collaborations are included in the 
scientific chapters of this document. 
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3. PLASMA ENGINEERING 
 

3.1. PLASMA FACING COMPONENTS (PFC) 
 

The components that make up the first physical wall facing the plasma are exposed to a wide range of 
constraints. For example, they must be able to continuously resist heat flows that are ten times higher than those 
encountered in the dome of space shuttles re-entering the atmosphere. Designing and qualifying the cooled 
components is one of the main issues studied by the Association. The experience gained in designing, 
manufacturing and using the components in the CIEL project, which are still today the only components of this 
type operating in a fusion machine, has been used to develop plasma facing components in the German W7X 
stellarator, JET and of course ITER. New areas of collaboration are also being developed with China (EAST) 
and Japan (JT60-SA). 

 

3.1.1. Design of plasma facing components  
 

 

9.5 MW.m-2 

0.5 mm 
11 MW.m-2 

 

Figure 3.1.1 - Example of shadowing calculation. Five inner poloidal limiters, crossed shadowing, heat flow on the tiles most 
exposed and estimation of depth of penetration in the inter- and intra-tile spaces 

 

JET is currently engaged in a major project for renewing its plasma facing components. The ITER-
like wall (ILW) project plans to replace the composite carbon-carbon tiles with new tiles made from tungsten in 
the divertor, and made from beryllium in the main chamber. The scientific aim is to make the JET operate with a 
wall that is representative of the one planned for ITER (from the "mixture of materials" point of view). The ILW 
project is trying to preserve as much as possible the load-bearing structures and external geometry of the tiles. 
However, these principles cannot be fully respected because of the very different electromechanical loads 
between the old carbon tiles and the new metal tiles. Modifications to the load-bearing structures dictate to 
modify locally the shape of the tile surface. In this project, the drawings of the wall made by JET have been 
validated by the Association. Verification consists in calculating heat flows at the surface, as well as 
shadowing of the plasma facing components of the new wall in JET. The suite of used codes relies on the 
CFPFLU heat code, interfaced with the equilibrium code for JET PROTEUS and CATIA, computer-assisted 
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design software (Figure 3.1.1). The CATIA models are used without changing the form of the surface, the 
functionality of the wall being controlled in relation to the criteria provided by JET. Several modelling scales are 
necessary, based on a set of relevant magnetic configurations supplied by JET. Following on from the work 
carried out by the Association, several recommendations have been submitted to JET and have led to design 
modifications by the JET design department. To deal with the most delicate points, which cannot be corrected by 
adapting the design, it may be necessary to modify the operating recommendations, for example by limiting the 
duration authorised for certain magnetic configurations. 

The Association is also currently engaged in designing the Faraday screen for the ITER ICRH 
antenna (Figure 3.1.2). This work is composed of several phases, including designing a manufacturable first 
screen, analysis and optimisation of this screen, its adaptation to the ICRH antenna designed on the basis of 
external adaptation and studying the concept of alternative screens. Work is being carried out in collaboration 
with an Italian team (RFX, Padua), specialised in electromechanical calculations. Although the plasma facing 
components of this screen are subjected only to relatively low flows (1 MW/m²) compared to the most exposed 
components on the ITER wall, their design is complex because of the fact that they play a role in transmitting 
high frequency power, and that certain additional design rules thus apply as compared to other plasma facing 
components. The elements to be taken into account are, for example, the need for copper coating on the internal 
areas, the absence of geometric elements (cavities, protuberances) of a size of less than 5 mm, and the 
specification for a "void fraction" of 50 %. In addition, designing this component must be based as much as 
possible on the ITER reference technologies, whilst simultaneously trying to use the experience acquired at Tore 
Supra in operating the ICRH antenna in a permanent regime and in implementing actively-cooled plasma facing 
components.  

 
 

Figure 3.1.2 - Module for a Faraday screen. The strap conductors are visible in yellow behind the screen bars 

 

Understanding of damage to C/C (carbon/carbon composite) protections for plasma facing 
components is essential if we hope to obtain modelling for the global behaviour of PFCs. Any damage to the C/C 
tiles caused by flow results in an increase in tile temperature, depending on the number of cycles (Figure 3.1.3). 
Predicting this behaviour (Figure 3.1.4) requires better understanding of the laws of C/C, as well as of the C/C-
Cu connection which binds the tiles to the cooled support. A study to determine these laws for a "flat tile" 
concept has been undertaken in collaboration with university researchers and the CNRS (LCTS-Bordeaux, 
LMM-Paris, and LTCPM-Grenoble).  

The search for a behavioural law that explains the CFC (carbon fibre composite) damaging behaviour 
for CFC has been made via cyclic series of traction and compression both along and out of the axes in test tubes 
equipped with constraint gauges, as well as via shear tests. These tests make it possible to identify behaviour that 
is damaging for a CFC similar to the N11 and have made it possible to develop a law of behaviour for multi-
axial loads with three internal damage variables, thus making it possible to identify the law for the N11 after 
resetting (model Sim/Carb LCTS) (Figures 3.1.5 and 3.1.6). 
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Figure 3.1.3 - Tile surface temperature evolutions as a function 
of the number of10 MW/m2 cycles and development of a crack at 

the C/C-Cu interface 

 

 ( )
( )
( )

0 0
1 11 1 12 2

0 0
2 22 2 12 1

0
6 66 6

1

2

6

1

1

1

e

e

e

d

d

S S

S

S d

S

ε σ σ

ε σ σ

ε σ

 = + +

 = + +


= +

0

5 0

1 0 0

1 5 0

2 0 0

0 0 .1 0 .2 0 . 3 0 .4 0 .5 0 .6 0 . 7 0 .8

σ 1 (
M

P
a)

εεεε  
1
 (% )

E s s a i  à  0 °

201
2 σi iiY S i=

0

5 0

1 0 0

1 5 0

2 0 0

- 0 . 0 2 -0 .0 1 0 0 . 0 1 0 . 0 2 0 .0 3 0 .0 4

σ 1 (
M

P
a)

εεεε  
2
 (% )

E s s a i  à  0 °

 
Figure 3.1.5 - Tensile test at 0° for two specimens showing variability (right Figure) and transverse swelling (left Figure) 
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Figure 3.1.6 – Test at 45° (in green) and comparison with the model (in black) 

 

The initiation and propagation of interfacial damage was analysed using the cohesive zone model to 
take into account the local behaviour law connecting two nodes of the interface with coupling between normal 
and tangential behaviours (mixed criterion with stress and energy conditions). Identification in relation to tensile 

Figure 3.1.4 - Crack surface damage as a function of the 
number of cycles and for different heat fluxes 
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and shearing tests of the connection made it possible to determine a set of values for the damage law and to 
perform a full calculation of the component damage under thermal cycling. 

This approach was therefore used to identify a behaviour law under multi-axial heat loads of C/C 
materials, and the damageable behaviour law for the C/C-Cu connection. It has also enabled the development of 
a finite-element model simulating the damage to the component under flux and will be extended to cover the 
behaviour of the ITER divertor monoblock design while making it possible to choose the C/C material and to 
optimise several their geometry. 

A CAST3M model had to be developed to model the erosion of the carbon part of the ITER 
divertor . This model is based on a series of equilibrium states with updating of the mesh system between each 
equilibrium state. The subprograms used to model ablation (physical sputtering), chemical erosion (chemical 
sputtering) and erosion by sublimation were all integrated into the computer code. Modelling was validated by 
comparison with transient calculations performed beforehand using ANSYS. Shadowing of one monoblock onto 
another was taken into account, as was the penetration of power between two monoblocks. 

Nine cases, identified as representing a potential risk of instability for the ITER divertor, have been 
studied (Figure 3.1.7).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Case   
(position on 

target) 

Flux (MW/m²)   
70% grazing 
(30% normal) 

Particle flux 
(D/m²) 

Te (plasma 
température) 

(eV) 
E0 = 6.Te 

1 2.8  ( 1.2) 1E+23 5 30 

2 2.8  (1.2) 5E+22 20 120 

3 (x= 0.140) 2.31  (0.99) 7.4E+22 20 120 

4 (x= 0.117) 3.25  ( 1.4) 9.4E+22 19 114 

5 (x= 0.165) 1.75  ( 0.75) 5.7E+22 15 90 

6 (x= 0.117) 4.2  (1.8) 9E+23 1 6 

7 3.22  (1.38) 1E+23 16 96 

8 2.8  (1.2) 3E+24 1 6 

9 4.2  |(1.8) 9E+22 18 108 

 
 

Figure 3.1.7 - Power distribution on the divertor outer target and table of selected examples 
 
 
For each case, 3 calculations were performed (total of 27 calculations: example in Figure 3.1.8): 

1. Homogeneous conductivity of 3 simulated monoblocks without any defects, 

2. Conductivity reduced by 20% for the central monoblock, 

3. 90° defect at the CFC/Cu interface located at -30° (grazing flux at 3°). 

Calculations revealed inhomogeneities between the monoblocks capable of resulting in instabilities, 
even though the absolute values of erosion remain very low for the cases in question. To clear up any 
reservations, a normal operating case was calculated for 10,000 s followed by a power deposition of 20 MW/m2 
(70% grazing and 30% perpendicular) during 10 s. The results for case 8 show that erosion is equivalent to about 
0.1 mm at the end of the 10,000 s, increases to 0.9 mm during the 10 s at 20 MW/m2. 
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Figure 3.1.8 - Case 2c: Temperature mappings at 10 000 s and erosion variations in the upper part of the monoblocks up to 
10 000 s 

 

In conclusion, this research showed that erosion calculations can be performed with either ANSYS 
(transient) or CAST3M (series of equilibrium states). These calculations revealed the definite risk of erosion 
instability for the calculated cases (neighbouring monoblock with reduced carbon-carbon composite conductivity 
or default at the CFC/copper interface) but additional calculations showed that this was not critical and did not 
require changing the monoblock acceptance criterion. 

 

3.1.2. Qualification of plasma facing components 
 

Experience accumulated during the large-scale production of the pumped limiter elements for Tore 
Supra showed that even if the technology used to manufacture the reduced-scale mock-ups or component 
prototypes had been mastered, it did not guarantee success during large-scale production. More specifically, it 
became apparent just how difficult it was to prevent assembly defects from appearing between the component 
armour material and the cooling system, with these defects being capable of spreading under the heat load during 
the component lifespan and therefore potentially reducing it.  

The qualification process of any plasma facing component is based on an initial design for which any 
industrialist develops manufacturing technologies and non-destructive tests that are adapted upon request from 
the designers where necessary. This design is recommended following the finalisation of engineering studies that 
call upon knowledge and simulation capabilities in the fields of mechanics, thermohydraulics (resistance, 
cooling), thermomechanics (fatigue, lifespan), wall interactions (erosion), and non-destructive testing. 
Considering the complexity of the problem, it is necessary to validate the design by high heat flux tests 
simulating heat loads similar to those resulting from the plasma. An iterative process is employed: if numerous 
defects appear during manufacturing or during the high heat flux tests, the process is started all over again until 
the results converge on a well-controlled design that can be checked (Figure 3.1.9). 
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Figure 3.1.9 - Qualification methodology during the R&D technology phase 
 

This knowledge was formalised by a precise description of the methodology to be employed so as to 
reduce the risks of defects during the transition from prototype to large-scale production, and to improve the 
capability to detect such defects. R&D activities have also focused on component technology (especially for W7-
X and ITER divertors) and techniques to be implemented for their qualification. 

The thermal continuity of the interfaces formed by the refractory tiles and the cooled PFC structure is 
essential in protecting the thermomechanical integrity of the elements composing the first wall during plasma 
operation in thermonuclear fusion machines. This characteristic can be checked by using a non-destructive heat 
transfer method which was originally implemented in the SATIR facility. Measurement is based on the principle 
of comparing surface temperature variations in the element to be tested with those of a defect-free reference 
element. The elements are subjected to an internal heat flux achieved thanks to the alternating forced circulation 
of hot and cold water in the cooling channels. The interface defects are detected during the transient conditions 
owing to a slower surface temperature response that is measured using an infrared camera. The infrared data are 
then processed by software specifically developed by the CEA. Since 2004, the SATIR facility has undergone 
a number of improvements, which have brought the facility up to an industrial level, integrating innovative 
numerical tools and resulting in improved quality control performance levels. Several partners belonging to the 
fusion community – especially IPP-Garching – have helped make these changes to better meet detection 
requirements made necessary by the increasingly sensitive components. The thermographic test facility, SATIR, 
has shown good coherence with the tests performed in the FE200 high heat flux facility (Figure 3.1.10). 

This non-destructive measurement technique was chosen by ITER as the reference technique for all 
the divertor elements. Elements under the responsibility of European and Japanese companies will be quality 
controlled using this method. To meet the new specificities of ITER components, EFDA requested that the 
SATIR facility be re-designed which was done in 2006 and implemented early 2007. These improvements 
mainly concerned the detection sensitivity of the facility and the optimisation of control times (Figure 3.1.11). 
The new SATIR configuration, SATIR-ITER, is now fully operational and capable of detecting defects in ITER 
divertor elements. This configuration will be used to define the acceptance criteria for W7-X elements, as well as 
to qualify the first prototypes of the ITER divertor and the first components for the JT60-SA machine. In view of 
qualifying ITER elements on a large scale, transferring the facility to an industrialist is currently being 
investigated, integrating DRFC support in terms of test expertise. 
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Figure 3.1.10 - Comparisons of defect mappings from the SATIR facility and the FE200 electron beam facility 

 

 
Figure 3.1.11 - Improvement in the detection of defects (red zone) in the SATIR-ITER facility on an ITER monoblock-type 

component – a) Monoblock with calibrated defects tested in the previous version of SATIR; b) The same monoblock tested in 
the new version of SATIR 

 

Another avenue for improvement in the SATIR facility consists in operating with no reference 
element. A specific methodology based on the processing of thermal signals from the SATIR facility was 
developed as part of thesis work in collaboration with the University of Toulon. This specific treatment 
compares the tile signal with itself and was successfully tested on several components (Figure 3.1.12). It is 
currently being implemented in SATIR. 
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Figure 3.1.12 - Comparisons of defect mappings performed in SATIR (no reference) and in the FE200 electron beam 
facility 
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A number of tests were performed in the FE200 high heat flux facility located in Le Creusot. They 
made it possible to validate the “monoblock” technology used for the ITER divertor . The “monoblock” 
technology consists in inserting a hardened copper alloy tube (CuCrZr) into a drilled cube made of armour 
material. Two industrial assembly processes were tested for a CFC armour (design of the lower part of the ITER 
divertor vertical target):  

- Active metal casting (AMC®), which is a well-known process in the fusion community (used 
for Tore Supra and W7-X), developed by the Austrian company Plansee. This process allows 
the assembly of a thin layer of pure copper (Cu) onto CFC by laser structuring and nickel 
deposition, followed by hot isostatic pressing to assembly Cu onto the CuCrZr tube. 

- Pre-brazed casting (PBC®), which was recently developed by the Italian company Ansaldo 
Ricerche. This process also makes it possible to assemble a thin layer of pure copper (Cu) onto 
CFC by mechanical preparation and brazing, followed by hot radial pressing (HRP®) to 
assemble the Cu onto the CuCrZr tube. 

At the end of the manufacturing process and after non-destructive testing, a turbulence developer in 
the form of a copper bevelled helicoidal insert is positioned inside the cooling pipe to increase the critical heat 
flux of the component. For high heat flux tests, the CFC thickness (18 mm) was reduced to 5-7 mm in order to 
limit the surface temperatures during testing. 

In the case of a tungsten armour (design of the upper part of the ITER divertor vertical target), the 
physicochemical affinity of copper and tungsten makes it possible cast the Cu layer directly without surface 
preparation or welding material. Considering the design flux (5-10 MW/m²), a turbulence developer is not 
required. 

The standard size of a CFC monoblock along the tube axis is 20 mm. This is a compromise between 
the wish to reduce mechanical stresses due to axial expansion and the wish to minimise the number of blocks. 
For the W monoblocks, this standard size is still valid, including in the case of the design variation “monoblock 
lamellae” which consists in preparing a monoblock using several staggered strips held together by the Cu layer. 

The robustness of the CFC monoblock and W monoblock lamellae was demonstrated during an 
extensive test series on the scale 1 VTFS mock-up of the divertor vertical target made by Plansee (Figure 3.1.13) 
and on the reduced-scale HRP mock-up made by Ansaldo (Figure 3.1.14). 

  

 

W monoblocks lamellae: 
 10 MW/m2 x 1000 cycles 
 
CFC monoblock 
 10 MW/m2 x 1000 cycles 
 20 MW/m2 x 1000 cycles 
 23 MW/m2 x 1000 cycles 

 

Figure 3.1.13 - High heat flux test results on the VTFS mock-up 
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W monoblocks lamellae: 
 10 MW/m2 x 3000 cycles 
 10 MW/m2 x 2000 cycles 
 
CFC monoblock 
 10 MW/m2 x 3000 cycles 
 20 MW/m2 x 2000 cycles 
 

 

Figure 3.1.14 - High heat flux test results on the HRP mock-up 
 

A series of thermal fatigue tests and then critical heat flux-type destructive tests were performed on 10 
mock-ups with differing widths manufactured by Plansee. These tests were used to show that a safety margin of 
1.4 is retained by increasing the width of the monoblock from 23 mm to 28 mm when the inner tube diameter 
was increased from 10 mm to 12 mm. This result has a significant impact on the number of poloidal divertor 
units and therefore on its cost. 

Tests also led to the validation of the “macrobrush” technology for ITER , which involves 
assembling flat tungsten tiles on a CuCrZr body. Two hypervapotron elements made of CuCrZr were assembled 
by explosion welding onto a 316L stainless steel plate and covered with tungsten tiles: Plansee GmbH used its 
hot isostatic pressing process to assemble the W onto a soft copper layer and then onto the CuCrZr, whereas 
Ansaldo Ricerche used a high-temperature brazing process. The two elements were representative of the dome-
shaped design of the ITER divertor and they successfully resisted heat fluxes of 10 MW/m² (Figure 3.1.15). 

 

W macrobrush 
 10 MW/m2 x 1000 cycles, 
 détérioration à 20 MW/m² 
 

 

Figure 3.1.15 - High heat flux tests on W macrobrush mock-ups 

 

As part of the collaboration between EURATOM-CEA and IPP-Garching, the CEA is responsible for 
controlling the manufacturing quality of W7-X divert or components and helping recommend acceptance 
criteria  for the large-scale production phase. These divertor components are CuCrZr elements cooled by 
pressurised water and equipped with twisted inserts on which CFC-NB31 carbon composite bricks are 
assembled. These elements can be divided into several different families that mainly differ by their variable 
lengths, asymmetry or presence of end tiles (Figure 3.1.16). CEA teams take part in various different design 
review meetings during which feedback from the manufacture of Tore Supra CIEL limiter elements helps them 
to recommend alternative solutions intended to optimise design aspects. The problems encountered so far are 
similar to those of the CIEL project: CFC quality, quality of CFC/Cu and Cu/CuCrZr connections. 

The acceptance and control of all elements from the preliminary series III (Batch 4: 330 tiles 
distributed among seventeen 4S-type “target” elements) before high heat flux testing (pre-HHF) were 
successfully conducted on the SATIR test bed in November 2006. Rather good agreement was observed between 
the SATIR/pre-HHF tests and the first cycles at 10 MW/m2 performed in the GLADIS high heat flux test facility. 
However, continuation of fatigue tests once again revealed a degradation of the thermal response from W7-X 
elements after a few cycles. Analyses and additional high heat flux tests (> 1000 cycles) are still underway so as 
to better understand this damaging phenomenon observed in a great number of tiles. SATIR/post-HHF tests to be 
conducted before summer 2007 should allow these observations to be confirmed. 
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Figure 3.1.16 - Various W7-X divertor families 

 

The Association is also involved in developing acceptance criteria for ITER divertor elements. 
The main difficulty with the CFC part is transposing the acceptance approach used on flat C/C tile elements to 
the monoblock elements. In principle, it will be difficult to test the monoblocks in the SATIR facility owing to 
the CFC thickness which may mask any interface defects. The trick is to test the monoblocks on three sides. 
Studies have shown that it is then possible to determine the position and extension of interface defects. This first 
phase helped show that it was possible to set acceptance criteria for monoblocks just as it is possible for flat tiles. 
The residual manufacturing stresses are very high in monoblocks, whereas their operating stresses are much 
smaller. 

The second phase consists in manufacturing monoblocks with defects for the validation tests both in 
SATIR and in the FE200 high heat flux facility. All the samples were manufactured: only samples of flat 
tungsten tiles (upper part of the ITER divertor target) have begun to be tested (Figure 3.1.17). Fourteen samples 
with calibrated defects made by Ansaldo Ricerche were tested in high heat fluxes representative of those 
expected in ITER: 3,000 cycles at 5 MW/m² then 500 cycles at 10 MW/m² (10 s). It was observed that the 
Cu/CuCrZr assembly defects were tolerated up to a maximum width of 4 mm (axial defect). 

 

Figure 3.1.17 - a) Mock-up of flat W tiles enabling the cooling of 14 samples during high heat flux tests 
Note the 2 copper shields covering 2 rows of 7 samples and protecting the surrounding environment from any overheating 

b) Evolution of samples with 2, 4 and 6 mm defects during the thermal fatigue test. Note the break in the connection for the 6 
mm defect 
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3.2. RADIO FREQUENCY WAVES 
 

The EURATOM-CEA Association has built a solid experience in the design, fabrication and 
experimentation of multi-megawatt steady-state RF heating systems, working at various frequencies (ion 
cyclotron resonance, electron cyclotron resonance, lower hybrid). First level results are obtained on Tore Supra, 
where advanced scenarios can be studied on long duration discharges. The knowledge and the experience are 
presently used for supporting the R&D at Tore Supra, JET and EAST, as well as the detailed design and 
procurement of ITER RF systems. 

 

3.2.1. Ion cyclotron resonance frequency range 
 

3.2.1.1. Tore Supra ITER-like antenna 
A prototype 2×2 strap ICRF antenna has been built at the Association using the conjugate-T concept 

proposed for ITER (Figure 3.2.1). It has been already tested in 2004 on Tore Supra. Moderate powers have been 
coupled into the plasma, up to 600 kW during 6 s with a power reflection coefficient less than 10%. A significant 
interaction between the two toroidal resonant sections of the array was observed on the test bed as well as an 
increased sensitivity to power balance during plasma discharges, compared to standard Tore Supra antennas. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2.1 - (a): Layout of the ITER-like antenna prototype, featuring in colors the different subsystems. Red: radiating 
straps; green: vacuum feed (9 Ω) and 2-stage impedance transformer (9/20 Ω); blue: tuning capacitors; dark blue: quarter 

wavelength stub; magenta: capacitor positioning units; (b): ITER-Like antenna in Tore Supra. 

(a)(a)

(b)(b)
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The lessons from the 2004 experimental campaign have allowed making significant improvements, 
including: i) a new toroidal septum to reduce toroidal coupling between ITER-like structures (ILSs); ii) 
implementation of diagnostic and control systems for the automatic control loops and the matching experiments. 
Implemented RF current measurements in the resonant part of the RF circuit - for strap current control - 
associated with a dedicated feedback control scheme should allow finding automatically the 2×2 array match 
point in dipole or monopole toroidal phasing. Furthermore, the results motivated an assessment of load resilience 
properties of ILS in presence of coupling terms and asymmetries in the array input impedance matrix. 

The modified antenna will be operated on Tore Supra in 2007. These experiments complement the 
JET-EP antenna experience on JET, and help to document choices for the ITER antennas. 

 

3.2.1.2. JET-EP antenna 
Several contributions have concerned different topics during the JET EP antenna development, in 

collaboration with UKAEA and ERM (Figure 3.2.2). 

The Association has provided some competences for the JET EP antenna matching studies concerning 
the 2 RF modules (4 RF power feeders) with 8 straps (2 in the toroidal direction and 4 in the poloidal direction). 
The contribution concerning the voltage probe calibration employs the CEA methodology in order to have the 
right correlation with the UKAEA methodology. The matching algorithm has been also developed to allow an 
active feed back loop control as a function of load variation (ELMs) and L-H mode transition. The matching 
study and the algorithm implementation have been performed on the UKAEA test bed at a low power level. 
Good results have been obtained: a time response < 1 s for the matching convergence taking into account the 
high strap intercoupling. Today the matching study is still ongoing and will be improved to cope with L-H and 
ELM variations.   

The second important support addresses the arc detection system. The Association has provided to 
UKAEA two harmonic arc detectors (EFDA SHAD project). They are fully operational with the TS antennae 
and will be also tested in a few months with the JET EP antenna. 

 

 
Figure 3.2.2 – Design of the JET-EP antenna 

 

3.2.1.3. Design of ITER antenna 
The reference design for the ITER Ion Cyclotron Heating and Current Drive (ICH & CD) system has 

established a reference antenna design based on the Resonant Double Loop (RDL) concept with conjugate T 
matching. New studies were conducted under EFDA contracts by the Associations EURATOM-CEA, ENEA-
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Frascati and ENEA-Consorzio RFX to improve the system conceptual design and address relevant matters like 
the electrical performance of the launcher, the matching and the control of the array.  

The Association has been in charge of the design Task coordination, and was strongly implicated in 
the mechanical integration studies. The study was firstly dedicated to the design of a port-plug with dimensions 
and mechanical interfaces compatible with the ITER Vacuum Vessel (VV). The launcher is subdivided in six 
mechanically independent modules. The plug is subdivided likewise: it is made of thick stainless steel (SS) 
plates welded to form a rectangular box with horizontal and vertical ribs (Figure 3.2.3) inside which the six 
modules will be bolted as separate elements. The vacuum confinement between the torus vacuum (primary 
vacuum) and the outside environment, referred as first confinement barrier, is ensured only by welds. The 
standard ITER vacuum seal at the back of the port plug, a vacuum tight welded flange located in the middle of 
the port plug, and a ceramic RF feed-through ensure the vacuum tightness of the front part. The antenna rear 
part, where the tuning system operates in a private (better controlled) vacuum, is sealed by a bolted flange with 
Helicoflex® type gasket to ease the maintenance of the second stage of the VTL. 

 
Figure 3.2.3 - Layout of the ITER Launcher, internal match option (lateral plate removed) 

 

The modularity of the concept, despite its constraints on the overall design, remains an important 
concern in the conception, because it allows not only cost/time savings but also ease of the handling, 
maintenance and qualification tests of the antenna.  The whole launcher is composed of 6 modules; each single 
module consists of 2 antennas, featuring 4 straps fed 2 by 2 by separate RF lines (Figure 3.2.4). The shape of the 
20 Ω impedance RF feeders connected to the straps is optimized to make a smooth electrical transmission 
between the strip line geometry at the strap and the coaxial shape of the conductor beneath. Besides its electrical 
properties, this shape presents an advantage regarding neutron streaming, compared to a coaxial structure. The 
inner conductor is hollow and makes a RF cavity inside the VTL, where the front part of the tuner will move. 
The vacuum window located at the back of the VTL consists of a beryllium oxide (BeO) cylinder brazed 
between water cooled flanges made of stiff copper, one side being connected to the inner coaxial conductor and 
the other one to the outer conductor. 

The heart of the launcher is the internal matching system. It consists of 2 identical tunings elements 
mounted in parallel on the envelope, forming the second stage of the VTL. Each tuner consists of a simple 
coaxial structure, with an inner conductor of variable length protruding inside the VTL first stage RF cavity. 
Between the two conductors a contact support can be moved independently from the inner conductor variation, 
allowing a variation of the depth of the RF cavity located in the VTL second stage (Figure 3.2.5). As the other 
part of the antenna, the tuner is a fully cooled device, water fed from the back through a service stub. The tuning 
elements are located inside the port-plug and will operate under a private vacuum; it will therefore be possible to 
remove the second stage of the VTL without breaking the primary vacuum.  

A detailed conceptual design of an ITER launcher, completed by electrical, electro-magnetical and 
thermo-mechanical analysis, was proposed as an ICRH launcher fulfilling the ITER requirements. In the 
meantime, a R&D program on crucial components of the launcher, such as the Faraday screen and the matching 
system, is being implemented. A prototype tuning system will be built and tested in Cadarache in relevant ITER 
conditions. 
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Figure 3.2.4 - Antenna front module 

 

 
Figure 3.2.5 - Schematic principle of the matching system 

 

3.2.2. Lower Hybrid frequency 
 

3.2.2.1. CIMES project 
The CIMES project has been conceived to upgrade the heating, current drive and particle injection 

systems of Tore Supra, in coherence with the capability brought by the completion of the CIEL project. The 
project is based on the development and implementation of specific components that can be grouped under five 
sub-assemblies: 
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- Lower Hybrid klystron (3.7 GHz); 

- Active Passive Multijunction (PAM) Lower Hybrid antenna; 

- A pellet injector; 

- Antenna infra-red monitoring system; 

- Cooling loop capability improvements. 

The CIMES project is not yet completed, and the LH power upgrade on Tore Supra is now foreseen 
for early 2009. The difficulties encountered on the antenna have been solved and the klystron prototype PT4 has 
demonstrated, with the high level of CW output power obtained, that its design is correct. 

 

3.2.2.1.1.     Klystron development 

A new tube has been built, with design options governed by the technical risks and the planning 
constraints. The solution retained was a klystron with 2 output guides and 2 windows, a set-up that is currently 
used on all the TH2103 in use in JET, SST1, and Tore Supra.  

The collaboration between the Association and the TED teams in charge of this project has been 
increased significantly to secure the tube design and upgrade the TED Test Bed. As an example of this enhanced 
collaboration, the recombiner that is used to recombine the output power in a single WR284 flange had to be 
validated up to 750 kW. It has been modelled both by Tore Supra and TED specialists, and tested on the LH 
Tore Supra Test Bed. The experimental results obtained at 400 kW were compared with the simulations and used 
to validate our model; an extrapolation to 750 kW ensured the use of this component on the TH2103C. The two 
windows that were implemented on this new prototype tube, so-called PT4, have also been tested up to 400 kW 
on the TS Ted Bed. Some RF components (matched load, bidirectional couplers, etc.) has been lent to TED to 
improve their Test Bed and an analysis of the weak points of this installation allowed an upgrade of the operating 
mode and the safety interlocks system. 

The prototype tube PT4 has been tested during three months. It has been running continuously, during 
hours, at a power level of 764 kW on matched load and 670 kW on unmatched load (VSWR= 1.4), i.e. extremely 
close to specifications. Figure 3.2.6 shows the tests progress. It is important to note the high level of power 
obtained during weeks. Table 3.2.1 illustrates the performances reached on PT4. 
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Figure 3.2.6 - Cathode voltages and output power obtained during PT4 tests 
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TABLE 3.2.1 - PERFORMANCES OBTAINED ON PT4 
 

  
 

 
Matched Load 
 

 
Unmatched load (TOS 1.4) 
 

 
Duration  

 
Specifications 

 

 
750 kW 
 

 
700 kW 
 

 
1000 sec 
 

 
Achieved 

 

 
764 kW 

 
670 kW 

 
CW 

 

However, some instabilities during the shots, higher losses in the upper part of the tube and lengthy 
tuning of the optics were observed during PT4 characterizations. 

An incident then occurred on September 16th 2006 at the TED test bed in Vélizy while the tube was in 
the pre-acceptance tests phase. A strong outgassing followed by the loss of performance occurred leading to the 
decision of open the klystron for expertise.  

The analysis shows local meltings and a brazing default on the fifth cavity. In fact, this default 
increased the effect of outgassing due to multipactor phenomena. This outgassing had deposited some copper on 
the cathode, along the beam trajectory, and the optics of the gun had changed. A simplified fault tree is presented 
in Table 3.2.2. 

TABLE 3.2.2 - A SIMPLIFIED FAULT TREE 

Default Origin Solution 

Higher dissipation 
 

Brazing default 
 

Brazing procedure  
Visual control after brazing 

Instabilities 
 

 

Multipactor Optimize cavity geometry 

Local melting 
 

Outgassing due to multipactor &/or brazing  
default &/or RF losses &/or beam interception 

Beam defocusing 
Safety system too slow 

 

Suppress brazing default & multipactor 
 
 

Increase safety system speed 

 

A solution proposing small modifications in order to produce a tube as soon as possible has been 
decided. Moreover, some contractual specifications have been relaxed in order to allow for a safety margin. The 
next prototype will then be accepted with the following target: 

-  700 kW power on matched load (instead of 750 kW); 

-  620 kW power on TOS 1.4 (instead of 700 kW); 

-  > 600 kW on TOS 1.4 in any case. 

This intends to maximize the chance to initiate the klystrons manufacturing within the minimal 
contract specification (klystron acceptance from 595 kW on VSWR of 1.4 and the price increasing with the 
power performance above 595 kW). The power limits will be further investigated on the prototype afterwards.  

An agreement has been found on the tube specifications in March 2007; the new prototype, PT5, will 
be ready in November 2007. Then, the first 8 tubes will be delivered by the end of 2008. They could be used on 
Tore Supra plasma from April 2009, leading to an intermediate level of 6.5 MW (CW) of available LH power.  

On the other hand, the remaining 8 tubes will be completely installed and commissioned by the 
beginning of 2010. 
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3.2.2.1.2.     Tore Supra PAM launcher 

The Tore-Supra new LH antenna consists of 4 major components, 1) the RF windows (already in 
house), 2) the wave-guides (already in house), 3) the mode converter (MC) and finally 4) the Active Passive 
Multi-junction (PAM). The last two main components (MC and PAM) are under construction. The antenna 
design is the one considered for ITER.  

First of all, an R&D program has been conducted with NobelClad, the unique firm in Europe able to 
master the fabrication of the triple Cu-Ss-Cu “sandwich” by an explosive technique. This is needed for the 
fabrication of the antenna components. This fabrication is now well controlled (thickness, height of the waves 
generated at the interfaces Cu-Ss and Ss-Cu), and all the plates have been produced and delivered to the 
contractor, SDMS. Therefore, the Passive Active Multi-junction is now under construction. After the success of 
several small-scale mock-ups used to develop an adequate brazing technique, a large size mock-up has been 
fabricated. It has been brazed with success (Figure 3.2.7) and a prototype will be delivered on site for tests on 
September 2007. On the other hand, in order to be able to deliver the components on time, the machining of the 
antenna parts has already started. 

 
Figure 3.2.7 - A mock-up of the PAM has been fabricated. 

 

Concerning the mode converter, the preceding contract placed within the industry failed due to a lack 
of mechanical precision of the prototype. The contract was cancelled and a new call for tender was placed. A 
contract has now been placed to a new contractor and the fabrication started in April 2006. A large-scale mock-
up has been recently brazed and low level RF measurements validated the fabrication processes (Figure 3.2.8). 
The first element of the series has been delivered and tested with success on site in March 2007.  

 
Figure 3.2.8 - A mock-up of the mode converter has been fabricated. 
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3.2.2.2. Design of PAM launcher for ITER 
Several antenna designs have been used in the past and are considered for ITER: i) classical grill (CG) 

with independently fed waveguides and with RF windows located near the plasma (FTU, PLT, CMOD, 
KSTAR); ii) multijunction (JET, Tore Supra, JT60, TdV) and more recently Passive Active Multijunction 
(PAM); iii) Quasi Optical Grill; iv) Slit waveguides array. From these studies, the actively cooled PAM launcher 
is found, despite having a somewhat lower directivity when compared to a fully active grill, to be the best 
concept for ITER, satisfying simultaneously three conditions: i) good coupling properties on a wide density 
range; ii) capability to operate in steady-state; iii) simplicity inherent to a low number of components and control 
actuators. 

The design of a 5 GHz launcher for ITER (Figure 3.2.9), performed in collaboration with ENEA and 
IST, includes all the transmission line components (mode converters, tapers, hybrid junctions, windows). 
Potential difficulties related to the small waveguide size limiting water cooling have been pointed out. A 3.7 
GHz antenna would be easier to realize and alleviate this difficulty. The main RF components are the RF 
windows, the TE10 to TE30 mode converter and the multijunction. In the present design, 24 RF windows are 
installed on the cryostat flange. Each window must therefore withstand 833 kW on a maximum VSWR of 2. 
Standard BeO windows are limited to 250 kW on a VSWR of 2 due to the thermal mechanical stresses inside the 
dielectric. 

 

 

 
Figure 3.2.9 - LHCD PAM/5GHz launcher designed for ITER (> 1000 waveguides): 4 PAM blocks, 12 horizontal rows / 

PAM block: 24 active x 25 passive waveguides 
 

Coupling using the LHCD 8 GHz PAM (active passive multijunction) launcher has been tested in 
FTU demonstrating its superior resilience to edge plasma conditions and its current drive efficiency. This 
demonstration will be completed with the actively cooled 3.7 GHz PAM launcher, under construction for Tore 
Supra. It includes the technological solutions (materials, cooling, etc.) foreseen in the ITER launcher concept. 
Coupling aspects constrain the frequency choice: the higher the density the better the coupling. The 20 MW 
coupled power ITER specification requires the capability for the antenna to operate at a power density of 33 
MW/m2 (corresponding to an electric field of about 6 kV/cm) at the launcher mouth (Figure 3.2.10). This seems 
within the reach of a 3.7 GHz system but it is necessary that the demonstration is made with a modern LHCD 
system working in steady state. 

The optimum value of the N||peak of the radiated spectrum has been determined as a compromise 
between the necessity to operate at high density, setting a minimum value through the accessibility limit, and the 
increasing technical difficulty to realize the antenna which instead sets a maximum value. 

The preliminary design in the DDD document is based on N||peak = 2 and a 270° phase shift between 
active waveguides. These values fix the toroidal geometric periodicity of the active waveguides (22.5 mm), 
while their width (9.25 mm) have been imposed by the maximum allowable RF power density. Finally, with a 
wall thickness of 3 mm at the mouth, the total width of the passive waveguide is 7.25 mm. The launcher 
waveguides must be in cut-off for the TE20 mode at 5 GHz, their height being therefore limited to 58 mm. On the 
back of the passive waveguides, a massive wall of 13.25 mm allows enough room for the cooling pipes. For this 
launcher, a power directivity better than 60% is expected for densities up to 10 times the electron cut off density 
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(3.1x1017 m-3 at 5 GHz). It must be noted that for a PAM the directivity improves at lower density, a very 
favourable condition. Moreover the development introduced in designing a PAM for JET indicates that the 
directivity can be further improved by optimizing the pitch of the waveguides at their mouth, making it variable 
in the toroidal direction. 

ITER (assumed value)ITER (assumed value)

 

Figure 3.2.10 - Power density versus frequency (Pericoli, Nucl. Fusion, 2005) 
 

3.2.3. Electron cyclotron resonance frequency 
 

3.2.3.1. Gyrotron: understanding and correction of the problem 
The work reported here has been mainly made by FZK, in the frame of three-way collaboration 

among CEA, FZK et EPFL. Due to problems of overheating and spurious oscillations observed on both 
gyrotrons, modifications have been made for the 2nd series tube, including the integration of a conical launcher 
(instead of the previous cylindrical one) together with a new set of three mirrors. However, a major problem has 
been detected during the factory acceptance tests through a mode purity analysis: instead of a Gaussian power 
distribution, the output beam is seen to contain two peaks, diverging at a constant angle of 1 or 2 degrees. The 
simulation used to calculate the output pattern, using a code based on the diffraction integral, employing the thin-
lenses model for the second and third mirror, never predicted such behaviour. 

The cold and hot measurements performed on the quasi-optical output system have shown a twin peak 
structure, contrary to the simulation which can be seen on Figures 3.2.11 and 3.2.12. 

 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 3.2.11 - The 2 peaks measured in the output beam in 2D and 3D compared to what should be seen: a Gaussian 

distribution. 
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Figure 3.2.12 - Comparison between simulation and cold measurement in the window plane. 

 

Many investigations were performed to understand the origin of the problem, from the manufacturing 
point of view as a first step; however, a careful examination of the characteristics of the launcher and of the 
mirrors (dimensions, positions), have excluded any production error. The analysis was then focused on the 
design. As no simulation could predict the twin peaks in the output beam, various models of launcher have been 
produced (modifications on the cut angle of the existing one and manufacturing of completely new launchers) 
but the cold measurements always showed the double peak, even if the patterns look different. 

The use of a new software, solving the electrical field integral equations, gave new ideas on the origin 
of the problem. It has the possibility to simulate the full mode converter. For the first time, the comparison 
between the calculation and the measurements showed a good agreement, especially inside the gyrotron, and the 
propagated beam (Figure 3.2.13) clearly demonstrates that the focusing is really too tight, as the waist should be 
located at the window plane and not inside the tube. 

 
Figure 3.2.13 - Simulation of the propagated beam inside the gyrotron in the y = 0 plane 

 

Due to the characteristics of the two first mirrors, the origin of the twin peaks might be the third 
mirror. This idea was checked with low level measurements: the outer sides of the third mirror in the y direction 
have been covered with absorbers, causing the vanishing of the double peak structure, as shown in Figure 3.2.14. 

 

 

 
 
 
 
 
 
 
 

Figure 3.2.14 - Measurements in the window plane with absorbers on the left, reducing the aperture to 100 mm in the z 
direction, compared to the right figure where there is no absorber. 

 

Window 
plane 
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A new third mirror has been calculated, in order to reduce its curvature, and the new quasi-optical 
output system of the TH1506B tube has been simulated. Figure 3.2.15 shows the absence of the twin peaks in 
various planes (inside and outside the tube) and that the waist is now located outside the gyrotron. The low level 
measurements are quite comparable to the simulation and confirm the disappearance of the double peak 
structure. 

The precise measurements made in the window plane show that a part of the beam is not going 
through the window (about 7%); a part of these 7% is intercepted by the window, but after some reflections in 
the mirror tank, calculation shows that only 4 % of the power will be dissipated inside the mirror tank, which 
means an additional loss of 15 kW to 20 kW. As many improvements have been made on this prototype, 
especially on the cooling system of the mirror tank, based on a double-wall structure with water flowing between 
the two walls, this additional loss should be evacuated without giving a too excessive surface temperature. 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.15 - Wave propagating outside the gyrotron with the new 3rd mirror. 

 

3.2.3.2. Generator: improvements and a "more intensive exploitation" on plasma 
Some improvements have been made on the ECRH generator, mainly from a cryogenic point of view: 

- installation of a new automatic transfer for liquid helium and nitrogen for the magnets and the 
cooling of the sapphire window of the gyrotrons; 

- modification of the supply of the magnets to make them more reliable; 

- automation of the control of the vacuum inside the MOU and the waveguides to take care of 
short electric failures (in case of storms…). 

The 2006 experimental campaign shows a good reliability of the ECRH system as compared to 
previous years, with more than 200 pulses on plasma for a total length of 450 s during the 37 days when this 
heating system was required for experiments. 

 

3.3. NEUTRAL BEAM INJECTION 
 

The Neutral Beam (NB) system for ITER has to provide ≈ 2x16 MW of neutrals (D°) at an energy of 
1 MeV for heating and current drive. At this energy, only negative ions can be neutralized with a reasonable 
efficiency (close to 60%). The ITER ion source is expected to produce 40 A of D- and to fulfil simultaneously 
several requirements, such as the production of a high uniform  D- current density over a large surface (200 ± 
10% A/m2 of D- over 1.2 m2 of extraction surface), low source filling pressure (< 0.3 Pa), and long shots (up to 
3600 s).  

At the Association, development activities for the ITER NBI system focus on both experiments and 
modelling, in collaboration with several European laboratories and French Universities. 

The experimental activities use: 
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- The MANTIS test bed, dedicated to study the production of multi-ampere D- ion beams. Over 
the last three years, the Kamaboko III source (candidate source for ITER; scale 1/4) has been 
tested in deuterium operation and in long shots (up to 1000 s). 

- SINGAP, a 1 MeV, 0.1 A, D- accelerator, to address the problems of electrostatic acceleration 
at 1 MeV, such as beam optics study, development of high voltage (1 MV) components 
(bushing), or, later, study of the 1 MV breakdown voltages as expected for ITER (with the 
same stored energy). 

- The BEL test bed, where a large size ion source based on modular construction (CYBELE 
source) is under development; the purpose is the production of uniform and dense plasma over 
large surfaces (Tore-Supra, ITER). 

Modelling activities, mostly in collaboration with French Universities, aim at understanding the basic 
physics of ion sources and accelerators, in order to provide physics models for the development of the ITER 
system. Preliminary results from a Monte-Carlo code for stray particle simulation in the ITER 1 MeV MaMuG 
accelerator have been obtained.  

 

3.3.1. MANTIS test bed 
 

In Cadarache, development of negative ion sources is being carried out on the KAMABOKO III ion 
source (a model of the ion source designed for the neutral beam injectors of ITER) on the MANTIS test bed. 
This ion source, designed and supplied by JAEA (Japan), has been developed in collaboration with them. Its 
target performance is to accelerate a D- beam with a current density of 200 A/m2 and < 1 electron extracted per 
accelerated D- ion, at a source pressure of 0.3 Pa. For ITER, a long duration, 1000 s, ion beam must be assured, 
but beams of up to 3600 s are also envisaged. The ion source is attached to a 3 grid 30 keV accelerator (also 
supplied by JAEA) and the accelerated negative ion current is determined from the energy deposited on a 
calorimeter located 1.6 m from the source. 

During previous campaigns, long duration beam pulses (up to 1000 s) have been obtained both in 
hydrogen and in deuterium; however, the current density of both beams was found to be well below the required 
ITER value of 200 A/m2. This is due to two separate problems: i) poor beam transmission, and ii) tungsten 
evaporation on the caesiated surfaces. Both of these subjects have been investigated. 

 

3.3.1.1. Beam transmission 
The negative ion current density extracted from a negative ion source is best derived from the beam 

energy and the power deposited on a remote target. With the Kamaboko III ion source on MANTIS during long 
pulse operation, the power arriving at the calorimeter is determined from the temperature rise of the cooling 
water and the measured flow rate. The current arriving at the target is typically only 45 – 60% of the current 
extracted from the high voltage acceleration power supply. “Bad” beam transmission has been previously 
measured and reported on the MANTIS test-bed. A partial explanation was thought to be power loading of the 
extraction or acceleration grid which could cause a deterioration in the beam optics during the long pulses. If one 
or both grids were bowing under the thermal load, the beam optics would change until the grids reach thermal 
equilibrium.  Results that indicate a substantial change in beam transmission with the pulse length seemed to 
support this theory.   

A new accelerator grid and extraction grid were designed and installed. The new extraction and 
acceleration grids were designed to allow for power loading without leading to grid distortion due to thermo-
mechanical problems. Operation with these grids shows no degradation of transmission with pulse length, 
supporting the hypothesis that the large beam halo or bad transmission was indeed due to bad optics due to 
power loading and subsequent loading and distortion of the extraction and acceleration grids. 

The overall transmission found on the MANTIS test bed is measured to be 80%. The accelerated 
current is seen to be overestimated by 3-4% due to accelerated electrons. A halo of 3-5% exists.  This experiment 
will be repeated at high current densities. 
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3.3.1.2. Tungsten evaporation 
Long duration negative ion beam production in the filamented Kamaboko-III source appears to be 

limited by co-deposition of caesium (Cs) and tungsten (W) on the surface of the plasma grid (PG), resulting in 
what is referred to as “tungsten pollution”. The fluxes of Cs and W are comparable and the resulting work 
function, j, of the PG surface is far from the minimum value (1.45 eV at 0.6 monolayer of Cs on a crystal 110 W 
surface), which limits the H production from H atoms impinging on the surface. This co-deposition of W also 
results in the high consumption of Cs in the ion source previously reported. A number of solutions to this 
problem have been proposed and investigations initiated: i) the use of low work function cathodes, ii) the 
development of a Cs free ion source, and iii) the development of an RF ion source. 

 

3.3.1.3. Use of low work function cathodes 
A possible solution to the “tungsten pollution” problem is to reduce significantly the W flux by 

reducing the evaporation of W from the filaments by using impregnated tungsten filaments, which have a lower j 
than pure W (j = 4.5 eV), and therefore operate at a lower temperature for the same specific electron emission. 

Thoriated tungsten (W-Th) filaments were acquired for testing in the Kamaboko III ion source on 
MANTIS. Initial experiments have produced high electron emission currents for lower operating temperatures 
after conditioning of the Th-W filaments; however this efficiency is short lived due to pollution of the thorium 
by oxygen in the ion source. A carburization technique has been carried out on the filaments in order to eliminate 
this problem and initial results have proved quite successful (Figure 3.3.1), with arc currents of 800 A achieved 
with 3 ThW filaments, a significant increase on pure tungsten operation.  Operation of the ion source with these 
filaments is very promising; further investigations and development are required in order to prevent overheating 
and the eventual reduction of the thoriated filaments to pure tungsten.  

 

 
Figure 3.3.1 - Tungsten and thoriated-tungsten electron emission in the Kamaboko III source 

 

3.3.1.4. Development of a Cs free ion source 
An obvious solution to high Cs consumption would of course be the development of a Cs-free ion 

source. The advantages of operating the ITER NBI ion sources without Cs are evident (no pollution of the 
accelerator by Cs, leading to breakdowns, and no maintenance of a Cs oven); to this end the development of an 
ion source using internal grids with low work function materials has been initiated.  It is proposed to produce 
negative ions on this internal grid placed in front of the plasma grid and eliminate the need for Cs in the ion 
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source. The DRIFT source has been adapted to accept a low work function grid, and is to be installed on the 
MANTIS test bed where the efficiency of these surfaces can be measured. 

 

3.3.1.5. Development of an RF ion source 
The development of an RF ion source will allow experimentation and R&D on a “clean” (tungsten 

free) ion source.  Fundamental studies into the uniformity issues of the ITER ion sources will be carried out .The 
elimination of the tungsten evaporation problem and consequent high Cs consumption and pollution will allow 
more controlled studies on Cs free sources. It will also allow the “benchmarking” of physics models and codes, 
being developed in collaboration with universities and laboratories, on an ITER relevant discharge. This source 
has been designed and experiments are due to start in September 2007 in collaboration with the IPP-Garching. 

 

3.3.2. SINGAP accelerator 
 

SINGAP (Single aperture, single gap) is an alternative accelerator concept to the Japanese MAMuG 
(Multi-aperture, multi-grid) accelerator. Both accelerators aim to accelerate 40 A of D- beams to 1 MeV for 
subsequent neutralization and injection into the ITER tokamak. SINGAP is technically much simpler than 
MAMuG as it performs the acceleration in one single step, whereas MAMuG requires four intermediate grids, 
kept at four intermediate potentials. The technical simplicity of SINGAP comes, however, at the price of more 
complicated physics. Large diameter beamlets are required for SINGAP, to keep space charge forces low. Also, 
the interaction between the beamlets has to be included in the SINGAP accelerator design. This is to a much 
lesser extent also the case in MAMuG which, however, suffers from a narrow operating window. 

The prototype SINGAP accelerator at Cadarache (1 MV, 0.1 A) has demonstrated that SINGAP can work 
(Figure 3.3.2). 

 

Figure 3.3.2 - Acceleration of 3 beamlets. (Left) infrared picture of the beam target taken 1 s into the beam. (Right) 
calculated power density profile 1 s into the beam, including heat diffusion. 

 

The accelerator has been upgraded to an ITER-relevant geometry, aimed at producing parallel 
beamlets with a low divergence. Subsequent experiments have shown that: 

- The (best) divergence of individual beamlets under ITER-relevant perveance conditions 
(meaning that the current density, J = pV3/2, is J = 20 mA/cm2 at V = 1 MV) is 3.6 mrad 
horizontally and 5.2 mrad vertically, acceptable for ITER and in agreement with calculations. 

- Aperture offset steering is quantitatively confirmed. 

- The highest ITER-relevant performance is 120 A/m2 D- beams at 727 keV. 

- Better performances than MAMuG have been obtained in all the individual beam parameters 
(energy, current density, divergence), but not simultaneously. 

- A beam halo of about 10% appears to exist under caesiated conditions. This may, however, be 
also the case in MAMuG. 
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- SINGAP performance is limited by the “dark current”, a current that flows between accelerator 
surfaces, even in the absence of beam. 

In the near future, experiments are planned attempting to reduce the beam halo and eliminate the dark 
current. It is also planned to perform a SINGAP test with 15 beamlets at the 1 MV, 1 A JAEA test bed. This test 
will provide a direct comparison between SINGAP and MAMuG. 

 

3.3.3. Cybele ion source 
 

Large size ion sources used for NBI systems have to fulfil several stringent criteria, such as the 
production of high DC current ion densities (positive or negative ions) uniformly distributed over large 
extraction surfaces. For ITER, an intense and uniform negative ion (D-) flux of ± 10% on the entire extraction 
surface (1.2 m2) is required to prevent troubles downstream in the 1 MeV accelerator. The concept of a large size 
source based on modular construction is under investigation at the Association. The basic idea is to have a 
compact small ion source producing the required ion flux (200-300 A/m2 of D- for ITER) designed in such a way 
that it can easily be juxtaposed with other identical modules to make up a large negative ion source of arbitrary 
size and (rectangular) shape. A modular ion source with individual control of each module should guarantee 
better uniformity over large surfaces. An array of 4x4 modules could cover the extraction surface of an ITER 
injector. 

 
Figure 3.3.3 – (left) horizontal cross of one module; (right) iso-magnetic field lines on the horizontal plan 

 

 
Figure 3.3.4 – (Left) Vertical juxtaposition (side view); (Centre) 3D electron trajectories in the central module; (Right) the 

Cybele ion source 
 

The source module (Figure 3.3.3-left) is composed of two lateral plates containing permanent magnets 
(magnet of type 1) which generate a transverse magnetic filter (Figure 3.3.3-right) along the four borders of the 



 

99 

source (front, back, up and down). Smaller magnets (type 2 magnets) in a multicusp arrangement confine 
laterally the plasma discharge. Primary electrons are emitted in the magnetic field free region of the source 
(centre) by negatively biased heated filaments (cathodes). 

Figure 3.3.4-left shows the vertical juxtaposition of three modules: the frame of permanent magnets 
(type 1) allows magnetic separation of adjacent modules in the vertical direction. Figure 3.3.4-center is the 
simulation of the 3D primary electron trajectories in the central module taking into account the main atomic 
processes (elastic and inelastic collisions) using Monte-Carlo methods. The code shows that primary electrons 
are confined within the magnetic well of the central module, and their drift towards other modules is very 
limited. Figure 3.3.4-right shows the actual source. The effect on the H+ density profile of polarising the cathode 
independently is shown in Figure 3.3.5.  

The next step of this development is to study the plasma drift dependence on the physical conditions 
within the source. Modelling of the plasma transport in large size ion sources is under investigation in 
collaboration with several French universities; Cybele could allow benchmarking of this future code. 

 

 

 

 

 

 

 
Figure 3.3.5 - H+ density profile along the source with independent cathode polarisation (yellow), and same polarisation 

(blue) 

 

3.4. DIAGNOSTICS 
 

3.4.1. Operational monitoring of plasma facing components 
 

Issues such as monitoring the plasma facing components during plasma operation and developing 
safety systems are very important for the operation of current and future fusion machines. The implementation of 
such systems in Tore Supra continued during the period in question, anticipating solutions that could be applied 
in ITER. 

 

3.4.1.1. Infrared monitoring 
Efforts particularly focused on employing the operational infrared monitoring system for internal 

components in Tore Supra, through improvements made to the instrumentation and measurement means such as 
the imagery interpretation tools. The system used in Tore Supra is designed to ensure the following functions:  

- real-time monitoring and safety of the toroidal pumped limiter (TPL); 

- real-time monitoring and safety of the plasma auxiliary heating antennas; 

- surface temperature measurements of the internal components. 

Temperature measurements are ensured using infrared cameras equipped with a 320x240-pixel cooled 
sensor. The current monitoring system operating in Tore Supra monitors the five heating antennas and two TPL 
sectors.   

Temperature control was successfully obtained. By being able to change the power required from the 
couplers and antennas in real-time according to the surface temperatures measured in specific areas of interest, it 
is possible to avoid any damage during the plasma operation (Figure 3.4.1).  
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Figure 3.4.1 – Coupling of the FCI power as a function of the temperature measured on the lateral protections 

 

To be able to use the monitoring system on an operational level, and to improve thermal infrared 
imagery monitoring, specific tools were developed to define and modify the zones to be monitored during 
machine operation. This makes it possible to rapidly take into account new heating zones which can appear 
during plasma operation (hot spots). 

Having observed a significant variation in the transmission of the first plasma-facing optical 
component (sapphire window), a carbon shutter was instrumented to improve the reliability of the surface 
temperature measurements. A thermocouple was mounted to measure the component temperature during 
reference plasma and therefore use it as an in situ black body. In this manner, it was possible to monitor 
variations in the optical transmission during a plasma campaign and to correct the temperature measurements.  

In order to accurately interpret quantitative infrared images (location and identification of new heating 
zones, understanding of the associated physical phenomena, etc.), a geometrical reference is necessary to 
supplement the “raw” infrared image. A 2D IR/visible superposition method was developed to make 
interpretation easier (Figure 3.4.2). This method is based on the application of a 2D elastic deformation field 
which is implemented between discharges as a tool to interpret IR film. 

 

 
 

Figure 3.4.2 – Superposition of infrared data onto a visible image of a hybrid coupler by elastic deformation 
 

With the aim of studying in situ (at atmospheric pression) damage to the toroidal pumped limiter 
(TPL) in Tore Supra, an infrared thermographic measurement campaign using synchronous demodulation (lock-
in) was carried out (Figure 3.4.3). The principle consists in thermally exciting the TPL using halogen lamps in a 
sinusoidal manner. The thermal response measured by an infrared camera is processed by synchronous 
demodulation. The resulting amplitude and phase-shifting maps (excitation / thermal response) provide 
information both on the state of the component up to the CFC/Cu interface and on the presence of carbon 
deposits on the surface. 
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Figure 3.4.3 - View of the lock-in system in Tore Supra 

 
In 2006, three sectors were analysed: Q3A, Q6A and Q5A partially. Some suspect tiles were observed 

(negative phase shifting contrast in relation to the adjacent tiles). For example, on sector Q5B, 3 tiles located in 
an area subjected to high heat fluxes showed abnormal behaviour (Figure 3.4.4). This finding was correlated 
with the IR measurements during operation, which showed a time constant 3 times longer than normal on these 
same tiles during sudden post-disruption cooling. This reveals probable damage initiation at the CFC/Cu 
interface 
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Figure 3.4.4 – Phase map of partial sector Q5B (left) and correlation with post-disruption IR measurement (right) 

 

There is therefore good correlation with the IR measurement during operation, thus validating the 
relevance of performing TPL inspections in areas unmonitored by the IR camera. 

The experience acquired in Tore Supra was used for the design and development of an infrared 
thermographic diagnostic tool for JET. The specificity and complexity of this project are due to the fact that 
an ITER-relevant technology, based of reflective optics, was retained. The diagnostic tool must be capable of 
supplying a wide-angle infrared view for thermographic measurements in the inner vessel of JET. This 
diagnostic is essential to analyse the power fluxes deposited during transients such as ELMs and disruptions and 
for the safe operation of the tokamak. The optical architecture proposed by the Association makes it possible to 
observe, with a 70 degree angle, the divertor, the inner wall, the upper and toroidal limiters, and the ICRF 
antennas. A group of head mirrors forms the optical system, with an aspherical primary mirror and a plane 
secondary mirror. The second part is composed of a Cassegrain-mounted telescope. The last part of the optical 
system is made up of germanium and silicon lenses. The metallic stainless steel and aluminium mirrors are 
coated with a thin layer of gold. They must operate in a vacuum at 200°C (JET operation temperature), whereas 
the lenses are in the open air at room temperature. The image is taken by a 640x512-pixel infrared camera, 
operating in the 3 - 5 µm spectral band and cooled to 80K. The camera is shielded from magnetic perturbations 
by 1 cm-thick soft iron casing and is piloted remotely from the JET control room. The numerical and video data 
are transmitted by optical fibres. 
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After having met all the acceptance test requirements, this diagnostic was installed in JET according 
to plan during a shutdown in August 2005. It has been operational since the beginning of the C17 campaign and 
is considered essential for operation, particularly by the physicists in charge of JET. It can measure temperatures 
between 200°C and 2,300°C with an uncertainty of +/-10%. The wide temperature dynamics is obtained using 3 
integration times and 2 interferential filters, a wide band (4.2 - 4.4 µm) and a narrow band (3.97 - 4.01 µm). The 
time resolution is 100 µs and the spatial resolution is 7.5 mm at a distance of 3 metres and a contrast of 40%. 

The first results of the plasma interaction with the JET inner vessel during disruptions and ELMs were 
examined. Most of the plasma energy is deposited on the inner wall during a disruption, whereas interactions 
mainly occur with the divertor during an ELM, even though other components such as the poloidal limiters 
receive a considerable amount of the ELM deposited energy, as can be seen in Figure 3.4.5. 

 
Figure 3.4.5 - Infrared image of the JET inner vessel during an ELM 

 

The Association is actively participating in the design of the visible and infrared wide-angle imagery 
system for ITER. This system must ensure the thermal safety of the internal components (temperature and heat 
flux control) and facilitate machine operation (visualisation of plasma-wall interaction). The system installed in 
the equatorial plane includes 12 views distributed in four different port plugs: one left tangential view, one right 
tangential view, plus one divertor view per plug. A generic drawing of the infrared and visible system was 
proposed by the Association. Several optical solutions were studied, which took into account: 1) the available 
volume in the environment of the 4 equatorial ports, 2) the expected optical performance of the system (spatial 
resolution, coverage rate of the first wall elements) and 3) the complexity and feasibility of the proposed 
solution. The best compromise is a very innovative “single line” of double Cassegrain-type telescopes nested 
inside each other. The optical solution is composed of a big Cassegrain telescope for the infrared part (diameter: 
ΦIR = 10 cm), containing a smaller Cassegrain telescope for the visible part (diameter: Φvisible = 2 cm). Figure 
3.4.6 shows the assembly of the three optical lines associated to an equatorial port. The generic optical line, 
compatible with the four equatorial ports, is composed of a head mirror system at the front end, followed by 2 
Cassegrain telescopes nested inside each other, a simple relay and a self-adaptative relay designed to compensate 
the motion of the tore relative to the biological shielding. 
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Figure 3.4.6 – Simplified optical and mechanical system of the optical and visible infrared system recommended by the 

Association for ITER (right and left tangential views + divertor view) 

 

A performance analysis shows that with a numerical aperture of 3.3 the endoscope spatial resolution 
complies with the specifications. The equatorial-plane system covers approximately 70% of the inner wall with 
an acceptable resolution (between 3 and 7 mm per pixel). Lastly, a certain number of points to be studied and 
development proposals were put forward, which would make it possible to improve the system performance 
while simplifying certain optical and mechanical aspects. Figure 3.4.7 shows the integration of the optical line 
into the environment of the EQ#03 port plug. 
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Figure 3.4.7 – Integration of the visible and infrared optical system into the #03 equatorial port-plug 
 

Infrared monitoring of the ITER divertor is particularly difficult because of the specifications 
(high spatial resolution of 3 mm, and a time resolution of 2 ms - exceptionally 20 µs) and the specificity of the 
divertor environment (high neutron and gamma irradiation, high neutral particle flux, surface inhomogeneities 
due to carbon/tungsten deposition areas, etc.). It was suggested to use an approach based on a combination of 
optical fibres (used in Tore Supra), multi-colour thermographic measurements, and a standard imagery system 
(Figure 3.4.8). 
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Figure 3.4.8 – Optical study of the infrared thermography for the ITER divertor 

 

Multi-colour thermography has the potential for resolving problems relative to temperature 
inhomogeneities, as well as improving problems of bremsstrahlung, changing emissivity and transmissions, and 
reflection. The development of multi-colour pyroreflectometry for measuring temperatures in a reflective 
environment is the subject of collaboration with the PROMES-CNRS laboratory in Odeillo. This kind of device 
will be installed in the FE200 facility for validation before being installed in a tokamak. 

It was also suggested taking into account the latest results relative to the behaviour of optical fibres 
under neutron and γ irradiation fluxes, and the deterioration of the first mirrors. The optical fibre problem was 
the subject of collaboration with a SCK/CEN Mol laboratory in Belgium. This initiative focused on the 
possibility of using optical fibres transparent in the IR and resistant to the nuclear environment. An IR fibre 
irradiation programme was initiated to measure the radiation-induced absorption (RIA) of different IR fibres in 
the 1-5 µm range. Several IR fibre technologies were selected: ZrF4 (fibre used in Tore Supra), hollow fibres, 
sapphire fibres and chalcogenide fibres. The preliminary γ irradiation results showed the disappointing behaviour 
of ZrF4 and hollow fibres. Tests are now focusing on sapphire fibres which seem to have better resistance to γ 
irradiation. 

 

3.4.1.2. Speckle interferometry 
Speckle interferometry is an optical technique that can be used to obtain in situ erosion measurements 

of plasma facing components. As part of thesis research, a study was conducted during the reference period in 
order to demonstrate that speckle interferometry could be used in a tokamak. A number of constraints were taken 
into account such as long-distance measurements through a window, measurements of non-planar objects, 
vibrations, etc. A two-wavelength speckle interferometry measurement technique was developed which was able 
to correct measurements affected by vibrations. Conclusive long-distance measurements were carried out (2.8 
m). Measurements on graphite samples after laser ablation (Figure 3.4.9) made it possible to determine the depth 
and shape of the crater in the ablated area. The results can be compared with the additional measurements on the 
same sample areas using confocal microscopy and stylus profilometry. These laboratory studies confirmed that 
shape measurements by speckle interferometry are possible in a tokamak, with a 10 µm spatial resolution. 
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Profondeur : 460 ± 15 µm Profondeur : 260 ± 15 µm 

 

Figure 3.4.9 - Speckle interferometry measurements on a laser-ablated graphite sample 

 

3.4.1.3. Acoustic measurements 
The appearance of a critical heat flux in the plasma facing components can trigger a boiling crisis and 

significantly deteriorate the cooling hardware. Detection of critical heat flux precursors would enable the 
implementation of mitigation processes. The aim is to investigate an in situ PFC monitoring method in order to 
prevent the occurrence of critical heat fluxes subsequent to abnormal and unexpected heating or component 
cooling problems. The acoustic behaviour of actively-cooled plasma facing components subjected to high heat 
fluxes was studied. The study method was based on the measurement and analysis of the acoustic signals 
generated by thermohydraulic phenomena in the cooling channel. 
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Figure 3.4.10 - "Vertical target" mock-up of the ITER divertor 
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Figure 3.4.11 – Signals recorded during the increase in heat flux 
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Studies carried out in 2006 focused on two mock-ups of the ITER divertor (Figure 3.4.10) that were 
instrumented with piezoelectric sensors and subjected to increasing heat fluxes up to the critical heat flux 
resulting in their rupture. These studies made it possible to correlate certain acoustic phenomena with the cooling 
conditions (Figure 3.4.11), and more specifically to reveal acoustic events related to the critical heat flux 
approach which can be used for monitoring. The most relevant acoustic events are: a) occurrence of a vibration 
peak between 600 and 700 Hz which triggers a sharp rise of the overall and relative level, b) an increase in the 
maximum acoustic signal range (processing by Hilbert transform), and c) variation in the statistical indicators 
(Skew, Kurtosis and peak factor). Studies are being pursued in an attempt to find other indicators based on 
wavelet time-frequency processing, as well as on the feasibility of installing an in situ sensor. 

 

3.4.2. Upgrade of the FIR interfero-polarimeter diagnostic 
 

For the interfero-polarimeter diagnostic, five retro-reflected channels have been put in operation on 
Tore Supra in 2005 to double the existing traversing ones, in order to increase the spatial resolution of the 
electron and current density measurements. Figure 3.4.12 shows the general layout of the diagnostic. It is a 
combined two-colour interferometer-polarimeter, with three detectors for each channel. 

 
Figure 3.4.12 - Layout of the TS interfero-polarimeter with the new reflected channels: 

 

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 retro-
reflectors (CC). During a previous TS campaign, a prototype and a reference plan mirrors had been exposed to 
plasma. After their removals, quantitative analysis estimated the thickness of the carbon up to 700 nm and FIR 
measurements confirmed that the surface changes were too small to modify the reflectivity of the mirrors. Figure 
3.4.13 shows the appearance of the CC after exposure. 

 

 

 

 

 

 

 

 

Figure 3.4.13 - CC mirror after plasma exposure a) general look, b) details of the deposit 
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Figure 3.4.14 shows the general implantation of the transport the FIR beams from the plasma to the 
detectors. The main tower in front of the port is made of an aluminium frame on which a screwed honeycomb 
slab supports the mirrors. 

The positions of the new reflected channels inside the plasma have been calculated in order to have a 
good spatial resolution in the ρ = 0 - 0.6 region, where the Faraday rotation angles need to be precisely known. 
The external channel, which is at ρ = 0.8, is more useful for the density profile determination. 

 
 

Figure 3.4.14 - General implantation of the reflected channels 
 
 

Since the end of 2005, the reflected channel diagnostic has been routinely used. For 
the interferometer, Figure 3.4.15 gives a typical temporal evolution of the line densities. 
Figure 3.4.16 illustrates that the information given by the new external channel in the gradient 
region really helps to reconstruct the profile. 

Figure 3.4.15 - Temporal evolution of the electron line densities 
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Figure 3.4.16 - Electron density profile reconstruction 
 
 

Figure 3.4.17 shows the Faraday angle time evolution of the 10 channels. Oppositely to 
the traversing channels, no spurious oscillations can be seen on the reflected channel angles at 
the ramps up and down, when the electron density varies. This means that there is no 
important interference with the incoming beam. Therefore, the reflected channel 
measurements are precise and after having been corrected from the Cotton-Mouton effect and 
from the ripple effect, can be used to validate the current profiles of an integrated modelling 
code such as CRONOS. Figure 3.4.18 gives an example of the analysis of the variations of the 
current shape, which is improved by the added information of the reflected channels (number 
6 to 10 on the figure). 

 
Figure 3.4.17 - Temporal evolution of the Faraday angles 

 

a 
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Figure 3.4.18 - Different shapes of LH driven current density profile used in the CRONOS code and deviation of the absolute 

values of polarimetric angles in degree for various shapes of LH driven current density profile 
 

3.4.3. Reflectometry system 
 

Tore-Supra is now equipped with a full set of reflectometers using different techniques: a 50-110 GHz 
X-mode fast and continuously scanning frequency set-up that routinely measures the density profile, a stepped 
fixed frequency X-mode set-up operating between 105–160 GHz for plasma core measurements (also able to 
perform slow sweeps) and a 50-75 GHz O-mode Doppler reflectometer with k-spectra determination. This 
collection of diagnostics can thus achieve complementary measurements from the low to the high field side of 
the discharge. Reflectometers provide reliable and accurate measurements of the density profile from the edge to 
the centre even during large and fast profile evolution. Central MHD modes are observed with high radial and 
temporal resolution: valuable information can therefore be obtained on the safety factor profile to be compared 
with equilibrium code calculations. Detecting MHD modes with two reflectometers at different toroidal locations 
allows estimating the mode toroidal velocity. The fluctuation poloidal velocity is measured with the Doppler 
reflectometry. The radial profile of small scale density fluctuations can be retrieved from the fast phase of the 
reflected signal. It shows a minimal level in the centre, and a strong increase toward the edge. 

 

3.4.3.1. Density profile measurements 
The 50-110 GHz set-up is built with VCOs. The frequency bands 50-75 GHz and 75-110 GHz are 

fully swept in 20 ms. The reconstruction algorithm uses an automatic detection procedure to initialize the profile 
without relying on other density measurements. It provides radial electron density profiles routinely and 
automatically on a shot to shot basis. Up to 5000 (12000) profiles can be recorded during a shot. A burst mode 
allows a profile measurement every 25µs for fast profile evolution, MHD or turbulence studies. 

For two years now (since the start of the CIEL project) the data are accessible from the TS database 
few minutes after the discharge with nearly 100 % success and good agreement with interferometry. A high 
dynamic sensitivity, associated with fast sweep capabilities, ensures robustness and versatility of the 
measurements. For example, it is possible to track the profile evolution during fast and large density 
perturbations such as in Massive Helium Injection experiments (to terminate a pre-disruptive discharge without 
the generation of runaway electrons) up to the disruption limit with high temporal resolution (∆t = 25 µs). The 
IHM aims. It is also possible to record profiles during long duration (a few minutes) plasma discharges in fully 
non inductive current drive experiment (Figure 3.4.19).  
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Figure 3.4.19 - a) Fast acquisition performance (one profile every 25 µs) of the 50-110 GHz set-up during a massive helium 
injection. b) Standard profile acquisition procedure during a long pulse operation. 

 
 

Detailed knowledge of edge profile is crucial for the coupling of RF additional power to the plasma. 
The cut-off position of the fast wave during ion cyclotron resonance heating (ICRH) has been determined 
experimentally from the edge density profile measured by reflectometry. The coupling efficiency was shown to 
decrease exponentially with the distance between the ICRH antenna and the RF cut-off position. 

High resolution profile reflectometry has allowed demonstrating the existence of a localized density 
peaking inside the q = 1 surface (see Figure 2.1.21). This central peaking, commonly observed in ohmic 
discharges, correlated with a reduction of turbulence where particle transport was found to be compatible with 
the neoclassical level. 

 

3.4.3.2. MHD studies 
MHD modes generate density perturbations that could be detected by reflectometry. On ASDEX, the 

cut-off oscillations observed at fixed frequency have been used to locate rational surfaces. On Tore Supra, the q 
= 1 surface has been observed with higher sensitivity and better temporal resolution than ECE or magnetic coils. 
When the frequency is swept, the time of flight exhibits jumps at the density plateau associated to the MHD 
mode. The high repetition rate of the Tore Supra 50-110 GHz set-up allows the modes to be located and 
measuring their frequency up to 20 kHz. Figure 3.4.20 shows that the time of flight jumps are located at the 
radius of the q = 2 or q = 1 surface given by the CRONOS code. During the discharge (BT = 3.4 T, ne(0) ~ 
2.5x1019 m-3), the plasma current is increased from 0.5 to 1 MA, the mode moves outwards before disappearing 
at t = 9 s. From t = 7 s, the q = 1 mode enters the reflectometer probing zone. 

 

Figure 3.4.20 - Time evolution of the amplitude of the time of flight jumps versus the radial position. The triangles show the 
radial position of the q=2 and q=1 surface from the CRONOS code. 
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Simultaneous observation of a MHD mode with the 50-110 GHz and the 105-160 GHz reflectometers 
that are at different toroidal angles (~ 120° apart) gives details on the mode structure. From successive profile 
measurements, the mode radial structure can be measured while the mode frequency can be precisely evaluated 
with the 105-160 GHz reflectometer working at fixed frequency. The mode toroidal velocity can also be 
measured from the delay of the phase oscillation between the two reflectometers. 

High-frequency MHD modes such as the Alfvén eigenmodes can also be detected through the density 
perturbations they induce. In combined ICRH/LHCD discharges, two classes of coherent modes have been 
observed with fixed frequency reflectometry. The high frequency branch, in the range 100–150 kHz, was 
identified as a toroidal Alfvén eigenmode (TAE). A lower branch, in the range 20–80 kHz, can also be observed. 
These modes are detected over a large fraction of the plasma, but the radial variation of the density fluctuations 
shows that both modes are localized on the HFS (Figure 3.4.21). 

 

Figure 3.4.21 - Radial profile of the density fluctuations amplitude induced by the low frequency mode (f = 55 kHz, blue) and 
the TAE mode (f = 137 kHz, dot red). In this particular shot, they are localized at the same position. The frequency spectrum 
of the phase fluctuations measured at R = 2.25m (maximum) is shown. A dashed line shows the position of the magnetic axis. 

 

3.4.3.3. Measurements of poloidal velocity profiles 
Backscattering of a microwave beam launched in oblique incidence makes possible measurement of 

density  fluctuations close to the cut-off  layer with a selected wave-number k⊥ = -2 ki, where ki is the beam 
wave-vector at the reflection layer. On the system installed on Tore Supra in 2003, the incidence of the Gaussian 
beam is controlled thanks to a motorized monostatic antenna. The choice of a 50-75 GHz band and O mode 
polarization is appropriate for typical ITB enhanced plasma regimes on Tore Supra (ne(0) = 3-7x1019  m-3). Both 
the scattering wave-number k⊥ and the scattering localization r/a can be changed during a shot, due to the 
tuneable probing frequency and the motorized antenna (tilt angle from 0 to10°). The wave-number range k⊥ is 
from 3 to 15 cm-1, with a wave-number resolution around 2 cm-1, and the localization from r/a ~ 0.3 to 0.85, with 
a radial resolution around r/a = 0.05, for a central density ne(0) = 5.5x1019 m-3. The Doppler effect allows 
measuring the perpendicular velocity profile for the same position range (Figure 3.4.22; see also CXRS 
diagnostic). 

 

Figure 3.4.22 - Fluctuation perpendicular velocity profile at fixed k: (a) ohmic and the heating phase data (nl = 7 × 1019 m−2 
(k = 4 ± 1 cm−1); (b) high density nl = 11.2 × 1019 m−2, BT = 3.8 T, Ip = 1.4 MA, qa = 3.3 (k = 6 ± 1 cm−1). 
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3.4.3.4. Fluctuation k spectrum 
The power spectral density of the scattered signal at a specific k is evaluated by integrating the 

Doppler frequency spectrum. This can be done directly from the raw spectrum, since most of the time the 
spectrum only consists of the Doppler component characteristic of the backscattering process close to the cut-off 
layer. This can also be done from the integral of the spectrum best fit function which better represents the 
Doppler component when an additional f = 0 component is present. The difference between the different 
estimates remains small (less than 30%). The scattered power is then corrected from the incident beam power 
variation with the probing frequency. The power spectral density of the scattered signal versus k is shown in 
Figure 3.4.23 for the case of an ohmic plasma and observation in the gradient zone (r/a = 0.6). It is interesting to 
note that the spectral shape is very similar to previous observations on Tore Supra using a scattering diagnostic. 
At low k, the spectrum shape is compatible with a power law with a spectral index ∼ -3. At higher k, this power 
law representation fails, as previously observed from the CO2 laser scattering experiment. 

 

Figure 3.4.23 - Fluctuation k spectra at r/a ∼ 0.6 in an ohmic plasma with ne (0) = 4.5 × 1019 m−3, BT = 3.8 T, Ip = 1 MA, qa 
= 4.8 (note the logarithmic scale). 

 

3.4.4. Measurement of impurities – SURVIE system 
 

High-resolution extreme ultraviolet (EUV) spectrometers routinely used to study the behaviour of 
impurities in plasmas can detect very low levels of metallic impurities. The presence of this type of impurity (Fe, 
Ni, Cu, etc.) generally indicates degradation of the plasma facing components. For these reasons, the Association 
has developed a real-time safety system for the Tore Supra tokamak on the basis of this type of spectrometer: the 
SURVIE system. This system is devoted entirely to safety and is responsible for providing real-time impurity 
contamination levels in the plasma. The system data is integrated into the Tore Supra real-time safety loop and is 
used to help control the heating power settings vis-à-vis the levels of certain metallic impurities (copper and 
iron). When an exceedingly high quantity of metallic elements is detected, the power injected into the facility is 
automatically reduced, limiting the risk of degradation to the internal components. 

In autumn 2006, this system successfully underwent a final validation test, the last step before its use 
in Tore Supra. The validation experiment was designed to show the system's capability to detect fast-occurring 
events (e.g. electric arcs) while being able to clearly distinguish the responsible elements. Controlled quantities 
of copper and iron were injected into the plasma using the FEMME facility (see §3.4.6). The main results of 
these injections are shown in Figure 3.4.24. Analysis of these results led to the following conclusions: 

- the system detects rapid events very well and in proportion to the quantity injected; 

- the system can distinguish well between the elements as we did not detect any influence of one 
channel on the other during the injections. 

As a result of this experiment, the SURVIE system is considered to have been validated and its real-
time data have now been integrated into the Tore Supra safety loop. 
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Figure 3.4.24 – Real time signals from the SURVIE system. Left: The injection of iron is clearly visible in the Iron channel 
and has no influence on the Copper channel. Right: The injection of copper is clearly visible in the Copper channel and has 

no influence on the Iron channel 
 

3.4.5. Motional Stark Effect (MSE) 
 

The MSE diagnostic recently installed on Tore Supra is composed of 9 viewing lines measuring the 
plasma every 8 cm with a spatial resolution varying from 3 cm (edge) to 6 cm (centre). A tube placed inside the 
port adjacent to the neutral beam contains a stainless-steel mirror and SFL6 optic lenses carrying the image of 
the neutral beam towards the optical fibres. With this configuration, the MSE Hα spectrum presents a large 
Doppler shift (from 4 to 6 nm) for all the plasma radii, allowing to distinguish the MSE spectrum from the large 
edge plasma Hα line and from the two carbon lines (at 657.8 and 658.3 nm) existing in the same spectral region. 
The usual toroidal field of 3.8 T gives a Stark splitting of approximately 0.25 nm. 

The optics of the MSE diagnostic is shared with the Charge Exchange Spectroscopy (CXS) 
diagnostic, so that both diagnostics measure the same plasma location. Each diagnostic has its own optical fibres 
arriving in the common fibre holder.  

The associated diagnostic neutral beam (60 kV, 400 kW) works in hydrogen for a better plasma 
penetration. The total pulse duration is limited to 5 s, and for the long plasma discharges it is planned to operate 
the beam in a multi-pulse mode of 500 ms.  

The detection uses the classical elements of the polarimetry method, wide aperture photo-elastic 
modulators, linear polarisers, narrow interference filters, and photomultipliers. The signal is processed digitally 
(250 kHz) in order to extract the Fourier components allowing the calculation of the magnetic field pitch angles. 

The first MSE measurements obtained on dedicated ohmic shots for different plasma currents (Figure 
3.4.25) show a satisfactory behaviour of the diagnostic, since plasmas differing by 100 kA can be easily 
distinguished. In these experiments, the more central channel was missing and it can be seen that channel 
number 6 shows a deviation proportional to the plasma current. The reason was not clear at that time, although a 
polarized parasitic radiation from the machine internal wall was suspected. 

The measurements (Figure 3.4.26) are in good agreement with the CRONOS calculations (solid lines). 
This code calculates the current diffusion along the plasma discharge and is able to recalculate the MSE angle 
from the magnetic equilibrium. The reproducibility of the measurements is also very good. For ten ohmic 
identical plasmas (Ip = 1.2 MA, ne = 4x1019 m-3), the MSE angles vary between ± 0.1° (edge) and ± 0.3° (centre), 
corresponding to the estimated error bars on the measurements. The diagnostic itself is thus working correctly. 

We are now facing the difficulty of the measurements during the heating phases, since four of the 
MSE viewing lines show important deviations (several degrees) from what is expected, proportionally to the 
injected power. These channels view also the internal water-cooled stainless-steel walls of Tore Supra which are 
highly reflective, while the other channels view two ports. Our interpretation is that the intense visible light 
emitted by the bottom limiter is reflected and polarized by the machine walls and disturbs the measurements. We 
are now trying to find how to deal with this problem which could also appear on the reflecting walls of ITER. 
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Figure 3.4.25 - MSE angles measured for different plasma currents. The ‘zero’ angle gives the position of the magnetic axis. 
The diagnostic can distinguish plasmas differing by 100 kA. Channel 6 (central channel 1 is missing) seems to be perturbed 

by a polarised radiation coming from the machine walls. 
 

 
Figure 3.4.26 - MSE angles and error bars (circles) measured for two plasma currents and comparison with the CRONOS 

current diffusion calculations (lines). Good agreement (within the error bars), except for channel 6. 
 

3.4.6. Laser blow-off injection of impurities 
 

As the main impurity injection technique for impurity transport studies, the laser blow-off system has 
been completely refurbished. A 1 J single pulse near IR laser beam is focussed on the target and creates a jet of 
metallic atoms towards the vacuum vessel, allowing injecting in each discharge one metallic impurity chosen 
among four targets. This injection system was reinstalled on Tore Supra in 2005 and since then has been 
operated very efficiently, reliably (> 95% successful injections) and reproducibly. In order to reach this 
performance, the entire optical chain was aligned, the target movements and monitoring were programmed and 
the laser preparation and triggering procedures were included in the global command chain. As an illustration, 
Figure 3.4.27 displays a peripheral Cr spectral line brightness measured after laser injections of two different 
quantities of chromium in identical plasmas. 



 

115 

 
 

Figure 3.4.27 – An example of laser injection of chromium 

 

3.4.7. Charge Exchange Recombination Spectroscopy 
 

The Charge Exchange Recombination Spectroscopy (CXRS) diagnostic provides both ion temperature 
and toroidal rotation profiles, from spectral analysis of CVI line emission spectra at 5290 Å, assuming that the 
carbon impurity has the same temperature and velocity as the main deuterium ions. The system consists of 8 
tangential views located in the equatorial plane, covering a plasma region extending from the plasma centre to 
r/a ~ 0.65.  

In dominant ICRH discharges (up to 8 MW), a spontaneous plasma toroidal rotation VΦ up to 70 km/s 
was measured in the core region. The radial profiles of VΦ and Ti (measured by CXRS) of three consecutive 
discharges with 8 MW of ICRH power alone (B0 = 3.8 T, Ip = 0.9 MA, nl = 6 1019 m-2, PICRH = 8 MW), are 
shown in Figure 3.4.28. It appears that the significant increase of the central ion temperature is accompanied by a 
substantial counter-rotation (negative) of the central plasma (~ 70 km/s). Toroidal rotation profiles seem to 
indicate the existence of a rotation shear at R = 2.8 m where the error bars are large, correlating to the increase of 
Ti inside this radius. Stability analysis indicated that both the Ion Temperature Gradient (ITG) and Trapped 
Electron (TE) modes inside R = 2.8 m are expected to be stabilized by the E×B flow shear, through 
VΦ. Stabilization of ITG and TE instabilities could explain the observation of the confinement enhancement, 
which was found to exceed the ITER L-mode prediction. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.4.28 - Toroidal rotation velocity (left) and ion temperature (right) profiles measured by Charge Exchange 
Spectroscopy for the ohmic and the ICRH phases of 4 high-power, nearly identical discharges. Central Ti deduced from 

neutron flux measurements is also shown. 

 
These toroidal rotation measurements are confirmed by Doppler backscattering measurements on a 

similar discharge. The system employs a microwave beam that is launched in the plasma with an adjustable 
wave vector, in conditions for which a cut-off layer exists in the plasma. The detection part collects 
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backscattered waves, primarily coming from the cut-off region. As shown in Figure 3.4.29, a good agreement is 
found, in both the ohmic and the ICRH phases. A large increase of the fluctuation velocity is observed during the 
ICRH phase, up to 4 to 5 km/s, as well as a modification of the VE×B profile, with a shearing zone around r/a = 
0.7. 

 
 

Figure 3.4.29 - Perpendicular rotation velocity measured by Doppler backscattering and the same quantity obtained by 
projection of the toroidal velocity (measured by CXRS), for a high ICRH power discharge. 

 

3.4.8. Upgrade of soft X-ray diagnostics 
 

The Intel-CAMAC acquisition unit of the soft X-rays diagnostic has been replaced with a unit using 
the VME standard to respond in particular to the real-time requirements of Tore Supra. The 89 channels of the 3 
cameras (horizontal, vertical and vertical oblique) are now available. Final efforts are focusing on qualifying the 
acquisition chain and solving problems involved in correcting offsets.   

A full assessment of the detector operating conditions was conducted. Some of the detectors were 
replaced during the 2006-2007 winter shutdown. 

Work carried out as part of student training made it possible to perform new tomographic 
examinations of soft X-ray data. The local plasma emissivity in the soft X-ray spectral region has now been 
reconstructed by a tomographic inversion programme based on the Fisher method (Figure 3.4.30). 

 
Figure 3.4.30 – Tomographic reconstruction using measurement of soft X-rays. Discharge #37040, t = 20 s 
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3.4.9. Evolution of the hard X-ray diagnostics 
 

A total reworking of the acquisition racks of the hard X-rays diagnostic, required by the 
implementation of real-time processing (VME), was completed. The post-discharge processing programmes 
have consequently been modified and real-time processing now functions on a routine basis. 

New neutron shielding, composed of polyethylene plates, has been in place since April 2006 on the 
horizontal hard X-ray camera located in Q4BM, and was tested successfully during the subsequent experimental 
campaign. Measurements are now possible at high additional ICF power (higher neutron flux), making it 
possible to reconstruct the emissivity profile of the suprathermal electrons under these conditions. Prior to 
installation of this protection, it was not possible to obtain correct measurements of the hard X-ray spectrum for 
a power ratio ICF/LH > 2. It is now possible to reconstruct the local emissivity profile and the photon 
temperature up to ratios ICF/LH = 3 (Figure 3.4.31). 

 

Température photoniqueTempérature photonique

 
 

Figure 3.4.31 – Temporal evolution of the photonic temperature, LH and ICF forces for discharge #37548. The energy 
spectrum (t= 28 s) suffered little degradation in the presence of neutrons (ICF = 3*LH) 

 

 

3.4.10. Visible fast camera 
 

The scientific aim of this new diagnostic tool is to make progress in understanding fast-occurring 
phenomena such as pellet ablation, edge turbulence, plasma ignition and disruptions. 

The camera was received in 2005, and 2006 was spent studying its installation. Two optical 
transmission solutions were studied in detail: one involving a chain of optical components, the other a fibre 
network. 

The chain of optical components solution offers a much better spatial resolution (factor ~ 10) than that 
of the fibre network. However, cost estimates are very high (200-250 k€) and its considerable complexity results 
in a certain number of risks in terms of installation. The fibre network solution was thus finally chosen. 

Drawings of the entire unit have been made, the specifications have been finalised and the call for 
tender published in May 2007, with installation in Tore Supra programmed for the end of the same year. 
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3.4.11. Magnetic measurements – Project to equip Tore Supra with Hall probes 
 

Hall effect probes are magnetic field sensors that have the advantage of being small, are able to 
measure stationary magnetic fields and have a high cut-off frequency (Figure 3.4.32). However, it still remains 
to be proven that they can be reliably used in a tokamak vacuum vessel (low pressure, high temperature). 
Collaboration with the Magnetic Sensor Laboratory (MSL, Lviv, Ukraine) should make it possible to install this 
type of probes in Tore Supra.  
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Figure 3.4.32 – Geometry of the Hall probes 
 

There are two distinct areas of interest for this project:  

- The first is associated with the plasma physics. Installing Hall effect probe diagnostics should 
make it possible to study the high frequency MHD modes in Tore Supra, and especially, in the 
100 kHz to 200 kHz range, the toroidal Alfvèn or TAE modes. The current magnetic 
fluctuation sensors used in Tore Supra have a bandwidth limited to 10 kHz.  

- The second, technological, area of interest is ITER-related. The installation of Hall effect 
probes has been envisaged within the ITER vacuum vessel. Using this type of probes under 
such conditions has not been achieved as yet. Tore Supra could thus contribute significantly to 
defining the constraints associated with using this type of probes in a tokamak environment. 

To initiate this project, a meeting was held in Lviv to define the organisation of this international 
collaboration and distribute the various tasks. The MSL is responsible for providing the Hall probes, as well as 
the dedicated electronics. The Association is responsible for the probes installation studies for the Tore Supra 
vacuum vessel, which are currently under way. 

 

3.4.12. Magnetic measurements: ITER 
 

Some EFDA tasks assigned to CEA are devoted to studying the magnetic sensors located on the 
external part of the vacuum vessel in ITER. They include: the tangential and radial field coils (plasma 
equilibrium), the Rogowski coil placed in the thick casing of the TF coils (measurement of plasma current and 
Foucault currents) and current sensors using optical fibres (plasma current and Foucault current measurements). 

Part of the work consisted in estimating the impact of Rogowski coil manufacturing inaccuracies on 
the plasma current measurements. To do so, a simplified 3D model was developed to simulate the magnetic field 
created by all the CS and PF poloidal coils, the plasma and the Rogowski coil. This model takes into account the 
exact geometry of the Rogowski coil and each poloidal coil for which each of the conductors is considered as a 
current loop. As the plasma is sufficiently far from the Rogowski coil, it was also modelled as a current loop. 
The currents in the poloidal coils and the plasma were defined according to the ITER reference scenario. The 
different imperfections in the Rogowski coil (such as: non uniform coiling, absence of loop on a distance of a 
few centimetres, etc.) were simulated. For each of these imperfections, the error introduced into the plasma 
current calculation was estimated. This made it possible to estimate the coil manufacturing constraints. Figures 
3.4.33 and 3.4.34 show the relative error on current calculation if the coiling of the Rogowski coil is not locally 
uniform. The average distance between the 35,123 loops composing the Rogowski coil is 1.1 mm. The 
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considered inaccuracy covers 1,000 loops with a distance between the loops reaching 4.0 mm locally (Figure 
3.4.33). The position of the non-uniformity is represented by a point on the Rogowski coil and the amplitude of 
error on the plasma current estimation is given as a percentage by the colour of this point (Figure 3.4.34). 
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Figure 3.4.33 – Example of non-uniformity of Rogowski coiling 
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Figure 3.4.34 - Amplitude of the magnetic field (T) created by the plasma and the poloidal system of ITER for the reference 

scenario at 300 s (left). Relative error on the plasma current estimation (%) as a function of the position of the non 
uniformity considered on the Rogowski coil 

 

3.4.13. Thermocouples for ITER plasma facing components 
 

The instrumentation of ITER plasma facing components (divertor and blankets) with thermocouples 
was studied as part of an EFDA task, with the aim of using these measurements as a benchmark for Visible/IR 
diagnostics (safety) and for the IR thermography of the divertor. These measurements may also be used to 
determine the incident flux profiles on the components.  

The study focused on selecting the types of thermocouples based on specific ITER requirements, as 
well as on how to install them and make them operational. The study also focused on research into measurement 
analysis methods; indeed, because of the erosion of plasma-facing materials, thermocouples cannot be installed 
on the surface but must be installed on the inside of the components. 
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3.5. REAL-TIME CONTROL 
 

3.5.1. Feedback control unit 
 

The APLASMA control unit has been implemented. The function of this unit, via the SCRAMNET 
reflected memory network, is to receive the diagnostic data from the variables to be controlled and to send the 
command variables to the actuators. It should become the central tool for the integrated development of 
advanced real-time control algorithms for plasma parameters. 

APLASMA was developed on a PC (Pentium 2.8 GHz processor, 1 Go of RAM) using the Windows 
2000 operating system. The code, written in C, is composed of two parts. The first one makes up the general 
infrastructure common to the different real-time units in Tore Supra (synchronisation with the Tore Supra 
chronology system and writing in the database). The second part is currently composed of a thread (permanent 
execution) which ensures data exchange with the SCRAMNET network, calculation of the commands for the 
actuators and temporary data storage in a buffer. 

Figure 3.5.1 provides an example of how the APLASMA unit is used for triple control. It has 
simultaneous control of: 1) the hybrid wave absorption location, measured from the width of the local emission 
profile of fast electrons (hard X-rays), with the wave's n// index as actuator, 2) the temperature of the LH 
antennas, measured with IR imaging, with microwave power as the actuator; and 3) the plasma current via the 
PF coil system. 

 

 
Figure 3.5.1 - Triple feedback control by APLASMA 

 

 

3.5.2. Development of a control-oriented current profile evolution simulator 
 

This work aimed to establish an "input-output" type representation model designed to both develop 
command laws for current profiles taking plasma dynamics into account, and simulate control strategies in a fast 
and effective manner. The model is based on the diffusion equation of the poloidal magnetic flux expressed in 
cylindrical coordinates. The source terms are the LH, ICF and ECF powers. The LH and ECF powers are 
modelled as Gaussians in the flux diffusion, and the ICF intervenes as the heat source. Analytic formulas are 
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used to calculate the resistivity, bootstrap current and current generated by ECF, whereas the scaling laws were 
established to represent the temperature and LH current (Figure 3.5.2). 

  

 
Figure 3.5.2 - On the left: Estimation error in the normalised temperature profile η(x,t) (top) and central temperature of 

plasma (bottom).  On the right: comparison of profiles for current (top), edge loop voltage (middle) and β�+ l i/2 (bottom) with 
those of CRONOS and experimental measurements 

 

From the global parameters and engineer input data from the antennas, the resulting simulator makes 
it possible to obtain the magnetic flux profile from which we can deduce the profiles for the current, safety factor 
and loop voltage. The accuracy obtained is very satisfactory for the command applications envisaged and the 
calculation times (1.7 s for this discharge simulated on Matlab) also satisfy our expectations. 

 

3.5.3. Plasma start-up 
 

In parallel, the feedback control of the poloidal system and the management of the safety aspects were 
updated and optimised so as to conduct experiments in Tore Supra to study plasma start-up under ITER-
representative conditions:  

- breakdown with adjustable electric field (0.3 V/m on ITER), 

- breakdown without valve and without pre-magnetisation of the magnetic circuit, 

- use of ECF power to pre-ionise the gas, 

- plasma current ramp-up on the outer limiter and a constant edge safety factor. 

 

3.5.4. IR safety 
 

The APLASMA and DVCAMIR units were also modified to make it possible to detect any 
malfunction in the infrared cameras. This has made it possible to improve the safety levels associated with IR 
monitoring of the plasma facing components. 
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3.6. FUEL CYCLE 
 

3.6.1. Development of on-board laser techniques for the detritiation and 
characterisation of plasma-facing components 

 
Controlling the fuel inventory in the ITER vacuum vessel is required by the French safety authorities. 

Nowadays, it seems that in situ characterisation and most probably detritiation techniques are essential to 
controlling the fuel inventory inside the vacuum vessel. Laser detritiation techniques are being studied in close 
collaboration with a laboratory from the Direction de l’Energie Nucleaire (DEN/DPC), where they have been 
under development for several years now as part of European research activities financed by the EFDA/JET. 
Extremely encouraging results have been obtained on the detritiation and characterisation of plasma facing 
components using laser techniques. In 2006, DPC demonstrated the efficiency of laser detritiation on CFC 
samples taken from JET (Figure 3.6.1).  

 
Figure 3.6.1 – Using the DPC laser in the JET beryllium handling facility 

 
 

 
 

 
 

 
 
 

 

 
 

 
Figure 3.6.2 – Left: Optical microscope images of a cross section of the material treated by laser detritiation. Right: Analysis 

results of nuclear reactions on the same samples (tritium content before and after treatment) 
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Figure 3.6.2-left shows a series of optical microscope images. The 200 µm thick co-deposited layers 
were removed by 3 successive laser runs (ytterbium laser, 120 ns pulse, IR, 20 W average power). Analysis of 
the nuclear reactions (Figure 3.6.2-right) shows that the hydrogen isotopes in the co-deposited layers were 
recovered. Furthermore, the tritium did not diffuse in the material structure following the treatment. 

The Association set up a laser ablation laboratory in 2006. This facility is identical to that of 
DEN/DPC and involves technology transfer between the two laboratories (Figure 3.6.3). This facility is currently 
undergoing security clearance and should be operational before mid-May 2007. It will be used to optimise the 
integration of such laser techniques into tokamak environments. This laser detritiation facility should also be 
equipped with a surface temperature measuring device and laser-induced breakdown spectroscopy (LIBS). These 
activities are carried out in close collaboration with both university and CNRS laboratories and should enable to 
better understand surface physicochemical properties. The laser used for the LIBS technique is the same as that 
used for detritiation (ytterbium). Its pulse duration of 120 ns is long for normal LIBS techniques, which means 
that a dedicated feasibility study will have to be conducted. This study will not only be conducted in close 
collaboration with the DPC in Saclay, but also with the “Lasers, Plasmas and Photonic Processes” Laboratory 
(LP3) at Luminy in Marseille. 

 

Figure 3.6.3 – DRFC laser detritiation laboratory 
 

These laser techniques are designed to be integrated into robotic systems and to operate inside the 
ITER vacuum vessel. The articulated inspection arm (AIA) – a multi-arm inspection robot capable of operating 
at a maximum temperature of 200°C – should be available in Tore Supra in 2007. In the long run, this should 
make it possible to install a specific tool dedicated to the detritiation and characterisation of plasma facing 
components. This specific tool is currently being designed. 

 

3.6.2. Characterisation and monitoring of micro-particles in the vacuum vessel 
 

In a tokamak-type fusion reactor (ITER), the plasma facing materials are subject to extremely high 
constraints resulting from their interaction with the plasma. This is due to the extremely powerful heat and 
particle fluxes, which will be much greater in ITER than in current fusion devices. One of the most significant 
consequences of these plasma-material interactions is the production of metallic or carbonated dusts – smaller 
than a few dozen µm – on the edge of the confined plasma. The transport and accumulation of these dusts during 
tokamak operation, as well as their consequences upon operation, are major issues that have to be solved for 
ITER. Indeed, if found in sufficient quantities, these micro-particles can explode in the presence of air. This 
means that the total quantity of dusts in the vacuum vessel must be measured at all times. These dusts must be 
removed when they reach the limit set to avoid their explosion in the event of accidental air ingress.  
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The Association has been involved in studies focusing on the “dust” issue for two years now. Other 
than participating in the equivalent European programme (with an EU working group chairman on the issue), the 
Association is helping to define a research programme focusing on both the in situ measurement of dusts in the 
tokamak and on the development of a recovery system. Research is aiming to improve our understanding of the 
operational consequences of dusts upon the current fusion devices. All these studies are being carried out in 
close collaboration with university and CNRS laboratories (IUSTI, Marseille and LP3, Luminy), as well as with 
foreign laboratories such as the University of Bochum in Germany and UKAEA Culham in Great Britain. 

The in situ measurement of airborne dusts following air ingress can be done by laser extinction 
(measurement of light beam attenuation; Figure 3.6.4). In collaboration with the IUSTI laboratory in Marseille, 
this development is currently being tested on a mock-up before eventually being tested in Tore Supra. The main 
problem is related to the presence of complex shaped (sometimes even fractal) dusts that vary in size and 
composition (unknown optical index, variable composition), which makes it very difficult to interpret results. 

 
 

Figure 3.6.4 – Illustration of a laser extinction experiment in a tokamak. The system uses a multicoloured source of light 
because measurement proves to be difficult due to disparity in the airborne dusts 

 

Computer codes need to be developed to study the experimental facility and interpret any 
experimental data. Such computer codes are currently being developed as part of thesis work. Dust recovery 
techniques are currently being developed in collaboration with the LP3 laboratory at Luminy in Marseille. Laser 
cleaning techniques are currently being used in this laboratory (cleaning of silicon wafers used in 
microelectronics) and are adapted to recovering micro-particles in tokamaks. The technique principle is based on 
lifting off surface dust using a laser beam in the presence of glow discharge plasma. The dusts therefore become 
negatively charged and can be collected in an electrostatic manner. 

The first laser-dust interaction tests were performed in 2006-2007 as part of a master internship. 
Figure 3.6.5 shows the effect of a UV laser on Toyo Tanso carbon dust ranging from 0.5 to 20 µm in size. All 
the dusts were ejected from the surface after a series of 5 pulses. During the experimental campaign, it was 
remarked that small particles were initially ejected, whereas the larger particles were firstly fragmented by the 
interaction with the laser before finally being ejected. At this pressure, the micro-particle ejection rate was high, 
greater than 60 m/s.  

These results are very encouraging: research will continue as part of thesis work during which the 
entire system will be tested in a mock-up.  

The operational consequences of the dusts have been under investigation since late 2006. This 
research is based on the study of fast IR and visible films, as well as on spectroscopic signals collected during 
JET and Tore Supra operation. A significant emission of large particles (flakes) was observed during plasma 
disruption in JET. The production of micro-particles during high-density experiments (Figure 3.6.6) also seems 
to have been observed for the first time. All these preliminary results are currently undergoing additional 
investigation and will be supplemented by thesis work set to start at the end of 2007.  
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Figure 3.6.5 - Ejection of carbon particles on silicon support 
 

 
 

Figure 3.6.6 – Fast IR observation of micro-particles during high-density plasmas in JET 
 

 

3.7. CRYOMAGNETISM 
 

The Association activities in this field have focused on the study and R&D of cryogenic and 
superconducting magnetic systems for the ITER and DEMO projects and, since 2006, for the JT60-SA project as 
part of the so called Broader Approach. 

Completed EFDA tasks represented a human contractual commitment totalling 13.3 PPY and a financial 
commitment of 2.6 M€. 
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3.7.1. ITER 
 

3.7.1.1. ITER cryogenics 
The Association activities in the field of ITER cryogenics focused on defining the operating 

conditions for the cryodistribution system. This sub-system forms part of the ITER cryogenic system and is the 
seat of most of the technical difficulties associated with the transfer of heat loads from the magnets and the 
cryopumps towards the cold sources at 4 K. Cryogenic refrigerator operating experience gained from Tore Supra 
is particularly useful and necessary for ensuring coherence between the future operating scenarios in ITER and 
those of its refrigeration system. These activities led to the completion of several EFDA tasks performed by 
CC3D (Coordinating Committee of 3 CEA Divisions) in collaboration with the CEA DAPNIA and 
DRFMC/SBT departments. The Association was actively involved in studies on normal operating conditions for 
the entire cryogenic system, with proposals targeting the refrigeration process and cryopump regeneration, as 
well as magnet cooling (Figure 3.7.1). The corresponding report was submitted at the end of 2006 in compliance 
with the contractual date. 

 
Figure 3.7.1 - Process flow diagram of the CVB cryopumps 

 

Following this task, the department became involved in studying the abnormal operating conditions of 
the cryogenic system, as well as its development plan (EFDA CRYO3 task). 

These studies were presented during two project meetings between ITER, European and Indian Party 
Teams, and CERN.  

The key issues that remain to be solved are: 

• Optimisation of the cyroplant cold boxes and their thermodynamic efficiency for ITER 
operation. 

• Consolidation of the pulsed load transfer principle in the cryodistribution and the smoothing of 
these loads. 

• All technological aspects related to the environment surrounding the tokamak: resistance of 
equipment to neutron fluxes, magnetic fields, etc. 

• Safety studies for cryogenic system operation in terms of magnets and screens safety. 

• Incorporation of cryodistribution assembly operations into machine assembly operations. 

Some of these issues concern the supply of elements which do not fall under the responsibility of the 
European Union. Collaboration between all partners, including India, should be initiated prior to the participation 
of the CEA teams in these studies. 
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3.7.1.2. ITER magnets 
In the framework of EFDA, the Association is concerned with R&D tasks designed to improve a 

number of different elements needed to develop the ITER superconducting magnets. These actions mainly deal 
with understanding phenomena internal to these superconducting cables, such as the effect of the mechanical 
behaviour upon the electrical performance, and the qualification of conductors. Since mid-2006, DRFC actions 
in the field of ITER magnets have been integrated into the ITER “crash program” on the TF conductor. Not only 
are these actions useful for analysing and understanding results, but they also take into account future action 
proposals in view of improving our understanding of the mechanical phenomena occurring inside conductors. 

 

3.7.1.2.1. R&D, tests and models for superconducting strands and cables 

The Association is involved in the conductor characterisation tests for ITER, ranging from basic 
superconducting wires (strands) to full-scale conductors, not to mention intermediate-sized sub-cables. The 
Association work also involves activities aiming to analyse and better understand conductor performances in 
view of improving them. All these actions are covered by EFDA tasks resulting from ITER team requests. 

• Within the scope of the EFDA ASTEST task (2005-2006), industrial-scale Nb3Sn 
superconducting strands with improved current performance – known as advanced strands – were 
characterised in terms of their capability to carry direct current and their losses (hysteresis and 
coupling) in variable magnetic fields. These two properties (high current and small losses) are 
generally contradictory, which means making compromises when manufacturing these strands. 
The Association measurements – in agreement with other European laboratory measurements – 
made it possible to qualify four European strand manufacturers capable of meeting the ITER 
project specifications. 

• EFDA SAMAN task: 45 sub-size samples using advanced Nb3Sn strands (Figure 3.7.2) were 
manufactured and then heat treated. They were qualified by the CEA to check, by a parametric 
study, the sensitivity of the cable performance vis-à-vis cable size and various other cabling 
characteristics such as: the twist pitch required for good cable resistance, and the internal void 
fraction needed by the helium flow for refrigeration. Furthermore, six types of strands, developed 
in Europe as part of the ITER programme, were tested in full-scale ITER TF cable samples in the 
SULTAN facility. These tests (performed during the 2005-2007 period) were carried out in the 
FZK test stand in Germany, which especially enabled mechanical stretching of the cables. 
Analysis helped progress our understanding, in particular by revealing the major role of the cable 
twist pitch sequence and of the void fraction. The sensitivity to these parameters can result in 
degradation of the cable performances in comparison with what can be extrapolated from strand 
performance levels, which therefore confirmed the experimental results of full-scale ITER TF 
cable samples in SULTAN. The programme may be pursued with the goal of continuing to adjust 
the final ITER cable concept, and the results may be used to validate the mechanical model 
which is currently being developed. 

 

 

 

 

 

 

 

 
Figure 3.7.2 – Sub-cable configurations for the SAMAN task 

 

• The EFDA BARBEN task (2005-2006) made it possible to check the behaviour of an Nb3Sn 
strand under the effect of pure bending deformation. It is this type of strand deformation inside 
the cable (mainly due to the effect of Lorentz force) which is thought to be responsible for the 
degradation in twisted cable performance. The originality of this study – led together with ENEA 
– was to study a steel jacketed strand so as to reproduce as accurately as possible the initial state 
of stress (before bending) of the strand in an ITER-type jacketed cable. This task also involved 
designing the measuring device. The results showed that conventional models could be applied to 
this type of configuration, and that the resulting degradation was small thanks to the longitudinal 
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compression effect of the cladding (due to differential thermal contraction between the steel and 
the Nb3Sn). Nevertheless, the deformation conditions of strands in a cable under the effect of 
cladding compression are much more complex, owing to the twisted structure of the strands. On 
this point, the experiment was definitely favourable in terms of strand performance. 

• Mechanical modelling of the conductor: collaboration with the Laboratoire de Mécanique des 
Sols, Structures et Matériaux (MSSMAT, UMR-8579 CNRS) from the Ecole Centrale of Paris 
(ECP) helped make progress in the adaptation of the “Multifil” computer code used to 
mechanically model strand behaviour in a jacketed conductor. Work performed at the ECP in 
2006 focused on two complementary aspects: 

- Experimental validation of the geometrical descriptions produced by the Multifil computer 
code; 

- Integration of the electromagnetic forces into the Multifil computer code. 

The experimental validation of the geometrical descriptions was based on micrograph images of 
SAMAN-type conductor sample cross sections (see above) provided by the CEA. It was possible 
to reconstruct the 3D geometry of these conductor wires by taking a succession of regularly-
distanced cross sections of the conductor and then analysing the cross section micrographs using 
imagery analysis tools. The assembly of the conductor on a reduced-scale was simulated by 
Multifil, thus making it possible to obtain a geometric analysis of the resulting structure (Figure 
3.7.3). These studies will be developed in 2007 as part of the “crash program” in order to find a 
mechanical configuration that achieves the best balance between the conductor performance and 
the parameters of twist pitch and void fraction (compaction). 

 

 
 

Figure 3.7.3 – Cable modelling using the Multifil computer code. Left: 3D reconstruction of the conductor geometry from15 
cross sections. Right: Distribution of strand curvatures obtained from the simulation of a conductor 

 

• Within the scope of the EFDA SAMFSS task, the Association designed and monitored – at 
Ansaldo Superonduttori in Italy – the manufacturing of the two European conductor samples 
TFAS1 and TFAS2 (2005-2006). ITER TF model coil-type conductors (TFMC) were used but 
the original strands were replaced by advanced Nb3Sn strands (see ASTEST task). As each 
conductor only contained one type of superconducting strand, four different conductors were 
therefore manufactured. Each sample was made from two conductors connected at one end by a 
“twin box” type electrical connection (idem TFMC), while the other end was equipped with an 
electrical terminal used to connect up to the test station transformer (see Figure 3.7.4). These 
samples made it possible to test new Nb3Sn strands in the already-known TFMC conductor 
configuration, and therefore to evaluate the performance improvement provided by these new 
strands. Furthermore, the manufacture of the conductors was faster than normal seeing that the 
manufacturers already had the necessary tools. 
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Figure 3.7.4 – Two “legs” of the TFAS conductor with their connections prepared at each end before heat treatment 
 

• As part of the EFDA FSTEST task, the Association provided its expertise to help define the 
SULTAN test programmes at CRPP (Villigen, Switzerland), and also helped to analyse and 
interpret measurements. The TFAS1 and TFAS2 conductor tests (see SAMFSS task above) took 
place in 2005-2206, with the results clearly not meeting expectations from the higher-
performance strands. Therefore, performance extrapolations to the ITER TF conductor (new 
design) result in a temperature margin that is below ITER specifications for all the tested 
conductors (see Figure 3.7.5). These results were presented by the Association representative (as 
Testing Group leader) at the “ITER Conductor” meeting held on 24-25 July 2006 at Cadarache, 
before being presented again at the “Symposium on Fusion Technology” in Warsaw (11-15 
September 2006). Confronted with the results, the ITER team together with the ITER partners 
decided to launch a fast R&D programme dubbed the “crash program” on the TF conductor. The 
Association participated in the meetings organised to define this programme, and also organised 
the ITER workshop on Nb3Sn conductor modelling held in Aix-en-Provence on 15-17 January 
2007. The Association then took part in tests on European ITER TF conductor prototypes 
(current ITER design). These tests were performed according to the procedure defined for the 
qualification of ITER conductors (Sultan Sample Working Group in which the Association is the 
European representative). These tests were performed with “ITER base” type conductors (current 
design) and other conductors that differed in terms of their cable compaction rate and twist pitch. 
The Association expertise mainly focused on defining the test programme, analysing the 
experimental measurements, correcting the measurements to take into account “parasitic” 
phenomena observed in the electrical voltages, and lastly on assessing sample performance. 
Though the preliminary results were considered satisfactory, more in-depth analysis taking into 
account Japanese and Korean prototype conductors revealed certain inhomogeneities in electrical 
and calorimetry measurements: improvements to instrumentation are still required for the next 
samples, including possible retesting of certain samples. Furthermore, the ITER International 
Project Office (IO) is expected to change the cable design (increase in certain twist pitches) in 
the event of confirmation by the Multifil computer code, which would result in new sample 
prototypes to be tested at the end of 2007 and in 2008. The Association will be participating in 
this new test campaign. 

 
Figure 3.7.5 – Current sharing temperatures (Tcs) extrapolated to the ITER TF conductor from results obtained on TFMC-

type conductors, and comparison with ITER specifications (as presented at the SOFT’06 conference) 
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• As part of the “crash program” (see above), the Association performed residual stress 
measurements on the steel jacket of the conductors in the TFMC-FSJS sample manufactured 
from the TF model coil conductor (TFMC) and tested in SULTAN in 1999. These residual stress 
destructive measurements (conductor sectioned with stress gauges fixed to the jacket) showed 
that the level of stress in the jacket was noticeably lower (50%) than expected in the event of an 
ideal cable blockage at the ends of the conductor. These measurements might explain the very 
good performance measured on this sample with low electromagnetic loading. In order to check 
the state of stress in the jacket of a real coil, similar measurements should be performed on a 
small coil mock-up (3 loops) that was made during R&D activities for the manufacture of the 
TFMC coil.  

• In line with our policy to find new industrial partners to manufacture ITER magnets, an R&D 
contract was signed with NEXANS (France) within the scope of the EFDA TFPRO task, which 
focuses on the construction of an ITER TF-type conductor using a non-qualified Nb3Sn strand. 
This work led to the construction of a 5 m long TF conductor respecting ITER specifications. 
The Association supervised this operation in the NEXANS premises. The representativeness of 
this operation was unfortunately hampered by the small quantity of superconducting strand 
available and the limited investment. For these reasons, the industrialist had to resort to using 
existing material, which does not necessarily correspond to the final industrial choice for the 
manufacture of an ITER TF full-size conductor (700 m units are required). 

• In order to optimise the heat treatment of the ITER coils which is needed to activate the Nb3Sn, 
the Association will be studying the effect of this treatment on the strand performance as part of 
the EFDA HEAT task. Optimisation will be necessary to guarantee high (yet not maximum) 
strand performance, while keeping the number of different heat treatments (related to the 
different strands provided by different manufacturers) to a strict minimum. The ideal solution 
would be to keep only two reference heat treatments for each main strand type: strands made 
using the bronze method, and strands made using the internal tin method. 

 

3.7.1.2.2.  ITER magnet engineering studies 

• The Association helped the ITER team to design and qualify critical coil elements such as the 
helium cooling inlets (TF and CS coils) and the loop-end mechanical anchors (PF coils). This 
work was carried out as part of the EFDA COOLINL task. The Association not only designed 
and performed the mechanical design calculations for the TF helium inlet, but also defined the 
manufacturing process. A TF hydraulic mock-up was used to validate the solution retained, 
which revealed head losses equivalent to 8 m of standard conductor, as well as a good helium 
flow rate in the superconducting strand area as early as fluid injection. However, a TF 
mechanical mock-up that was tested at FZK (Germany) revealed a fracture during the fatigue test 
after 476,117 cycles at nominal load, against 600,000 cycles requested by the ITER team. The 
critical area was identified as being a fragile area near the joint weld on the conductor jacket. The 
required performance should be met by using an automatic welding process which is more 
consistent than the manual welding process used on the mock-up. As for the CS helium inlet, 
considering the absence of material (Japanese steel jacket JK2LB), only one hydraulic mock-up 
could be manufactured and tested to validate the chosen concept (losses equivalent to 1 m of 
conductor, with a good helium flow rate in the superconducting strand area). Last of all, a 
mechanical mock-up of the PF loop end was manufactured and tested at ENEA Brasimone 
(Italy). Unfortunately, owing to a procedure error, the steel “tail” weld on the conductor did not 
penetrate deep enough into the jacket, which therefore limited the mechanical performance of the 
mock-up, as was revealed on some samples. The mock-up was finally tested at nominal load 
(instead of double) with the nominal number of cycles. During this test, no defect was detected in 
the “tail” weld designed to resist the tensile forces by shearing. The full qualification of the 
concept will nevertheless require the manufacture and testing of a new mock-up as part of a new 
EFDA task. The COOLINL task was completed in 2006. 

• The EFDA MAGCEA task (2004-2006) devoted to ITER magnets was divided into two sub-
tasks: MAGCEA-1 is devoted to detailed engineering studies of the PF coils, while MAGCEA-2 
is devoted to the study of options for cold tests on TF coils. 

MAGCEA-1: the following activities were included in this sub-task: 

- Review of existing designs of several critical areas in the PF coils, such as the helium inlets, 
inter-pancake connections, insulation aspects, terminal areas and instrumentation. 
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- Proposal and diagrams of PF coil manufacturing procedures. 

- Definition and production of drawings for the main manufacturing tools and devices, as well as 
general layout drawings of the PF coil manufacturing facilities. 

- Review of quality assurance documents. 

- Review of PF coil manufacturing schedule. 

In order to complete these studies, CEA signed a contract with Alstom, a company that has 
experience in building large-size superconducting magnets and that has provided proposals for 
all considered subjects. More specifically, based on the assumption of a coiling rate of 3 m/h 
with two teams working 5 days a week, it was shown that all of the PF coils could be built in 5 ½ 
years. A period of two years would be necessary between the signing of the contract and the start 
of manufacturing of the double-coil prototype. Figure 3.7.6 shows a possible location for the 
manufacturing line in the buildings, which will be later used for the cryoplant. 

 

Figure 3.7.6 - Location of the PF coil manufacturing line in the cryoplant buildings 

 

MAGCEA-2: this sub-task was divided into three parts: 

- Assessment of the need for cold tests on the TF coils, and the examination of possible test 
scenarios. 

- Preliminary definition of the cold test procedures and scenarios to obtain test conditions that 
are representative of TF coil operation in ITER. 

- Preliminary design of the test station and cost comparison of the different test scenarios. 

This sub-task was performed in close collaboration with FZK. It was deemed essential to test the 
ITER TF coils at 4 K to check in particular: a) the leak tightness of the cooling systems to 
helium, b) the holding to the high voltage of the electrical insulation, and c) the resistance of the 
connections. Considering the torus configuration, it is not possible during a separate test (one or 
two adjacent coils) to obtain a magnetic field that is equivalent to the field obtained in the entire 
magnet. Consequently, tests at nominal current on the TF coils (alone or on pairs) would not 
make it possible to qualify their electrical performance in the torus. These tests would however 
make it possible to qualify their mechanical behaviour and check the possibility of reaching 
nominal current in a reduced magnetic field. The recommended test configuration is to test coil 
pairs in a vertical position in an adapted cryostat. The ITER site seems to be the most appropriate 
location for this test station. A preliminary design was produced which involves manipulating the 
coils with tools that are specifically designed for machine assembly and that are capable of 
ensuring their horizontal transfer from the assembly area to the cryostat (Figure 3.7.7). The cost 
of building this station was evaluated at 35 M€, with an operational cost of 6 M€. 
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Figure 3.7.7 – Test station for the TF coils assembled in pairs in a cryostat with sliding door 

 

3.7.2. DEMO 
 

During the 2005-2007 period, the department became involved in DEMO-related design studies and 
R&D. Part of this programme, particularly the studies on high critical temperature superconductors, was carried 
out in collaboration with CEA/DAPNIA and the CNRS. The corresponding EFDA tasks were: HTSMAG 
(Scoping studies of HTS fusion magnets) and DEMO (Magnet system).  

Within the scope of a system approach, CEA endeavoured to provide the main elements for 
dimensioning the DEMO toroidal field system. These elements chiefly concern the ratio between the magnetic 
confinement field and the machine large radius, the radial bulk of the magnets, and the cryogenic power. In 
discussions on DEMO superconducting materials, CEA supported the idea that low-temperature materials such 
as Nb3Sn should not be disregarded if they can be well controlled. Figure 3.7.8 shows the current density of the 
different superconducting materials as a function of the magnetic field. The recycled electrical power of DEMO 
is only slightly decreased when high critical temperature materials are used. CEA recommends focusing on the 
use of Bi2212-type materials for these studies. Such materials are already well-advanced on an industrial scale 
and make it possible to consider operation at 20 K, which is more than enough to lower the recycled power. 

 
 

Figure 3.7.8 – Acceptable current density in the superconductor (non-copper) as a function of the magnetic field 
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3.7.3. JT-60SA 
 

3.7.3.1. JT-60SA cryogenics 
As the cryogenic system for the future tokamak JT-60SA falls under French responsibility as part of 

the ITER Broader Approach, CEA is actively involved in this project. A project team including DRFMC/SBT 
and DRFC members was set up. During the second semester of 2006, the department teams took part in the 
preliminary studies required before drafting the specifications on the basis of a Japanese design study. This 
activity especially led to several meetings with the JAEA client. One of these meetings held in Japan was 
devoted to efforts in defining the process flow diagram, as well as discussing studies on the operating conditions 
and the local installation of this system (Figure 3.7.9). 
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Figure 3.7.9 – Basic flow diagram of the JT-60SA cryogenic system 

 

During the first JT-60SA project meeting in Garching, an inventory of the parameters required to 
design the refrigerator and a development plan proposal taking into account a first cooling of the magnet in 2014 
were both submitted to JAEA. The current design study still requires fine tuning and more information on certain 
design parameters before a detailed industrial study can be launched. This work will be done in collaboration 
between CEA and JAEA teams during 2007 (Figure 3.7.10). 
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Nº Nom de la tâche Durée

1 Collection and review of the inputs 18 sms

2 CEA validation to start the conceptual design 0 sm

3 Conceptual design 59,6 sms

9 JAEA validation 2 sms

10 Call for tender 58 sms

13 Detailed desin & manufacturing 179 sms

16 Site installation 119 sms

20 First coil cool down 0 sm

CEA;JAEA;EU Industry

CEA;EU Industry

CEA;EU Industry

EU Ind

S2 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2
6 2007 2008 2009 2010 2011 2012 2013 2014

 
 

Figure 3.7.10 – Development plan for the JT-60SA cryogenic system 
 

3.7.3.2. JT-60SA magnet 
Concerning the design study for the JT-60SA conductor, a development plan was established for the 

TF magnet supply in collaboration with our Italian partners at ENEA. The top priority for the conductor is to 
define the selection criteria in terms of stability, resistance to plasma events, and sensitivity to strand 
movements. This phase will be followed by studies on the mechanical aspects of the casing: vault, inter-coil 
blockage and connections. A preliminary approach has already been established for the conductor design, taking 
into account a study on the stability against plasma disruptions and strand movements, and the impact on 
temperature after a fast discharge following quench detection (Figure 3.7.11). 

The TF magnet design phase has significantly progressed since September 2006 and several CEA 
proposals – supported by simulation work – now seem to have been accepted by ENEA and JAEA (low copper-
NbTi balance in the strand, maximum voltage, design connection, helium inlet design, etc. – see Figure 3.7.12). 
Recently, a new EU reference configuration was collectively adopted for future studies, thus allowing us to hope 
that an EU design proposal will soon follow.  

Furthermore, preliminary studies in terms of schedules and costs were carried out by the EU. 

Prototype concepts were also proposed by CEA, particularly for the development of both the resistive 
barrier of the cupronickel strand and the electrical connections. Thermohydraulic models of the conductor 
behaviour were developed, as were mechanical models for the casing behaviour (Figures 3.7.13 and 3.7.14). 

 

0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

3 0 0

0 .7 0 .8 0 .9 1 1 .1 1 .2 1 .3 1 .4 1 .5

T e m p e ra tu re  m a rg in  (K )

C
rit

ic
al

 E
ne

rg
y 

(m
J/

cm
3)

E c g a n d a lf
E c s ta b i
E c 0 (a n a ly t ic a l fo rm u la )

 
 

Figure 3.7.11 – Effect of the copper ratio on stability at a perturbation of 100 ms 
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Figure 3.7.12 – Detail of the magnetic configuration in JT-60SA 
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Figure 3.7.13 – Comparison of resistive barrier solutions between CuNi and Ni 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.7.14 – Modelling of the coil casing during quenching in helium at 200 bar 
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4. INTEGRATION AND NUCLEAR SYSTEMS 
 

4.1. ENGINEERING 
 

4.1.1. The engineering group and its tools 
 

The Association’s engineering group is mainly responsible for designing, defining and often 
manufacturing components for Tore Supra (internal components, diagnostics, etc; Figure 4.1.1) but it also does 
the same for other machines such as JET, JT60-SA and ITER. Generally speaking, the design of any component 
can be divided into three phases: 

1. A preliminary design phase during which the feasibility and the main principles are defined. 

2. A design phase during which all the technical solutions are identified. 

3. A definition phase during which all the drawings (general layout drawings and detail 
drawings) are prepared. These drawings are required to prepare the technical file. In the past, 
the engineering group has also been asked to monitor the manufacture of several industrial 
components (Figure 4.1.2). 

  
 

Figure 4.1.1 – Examples of studies carried out by the Association engineering department. Left: pellet injector (High 
Frequency Pellet Injector Project) for JET (collaboration with US, Russia and JET). Right: Implantation of the AIA robot on 
Tore Supra (collaboration between DRFC/Cadarache and DTSI/Fontenay)  

 

The engineering group is equipped with CAD data-processing tools such as Pro/Engineer and Catia 
V5, a data management system linked to Pro/Engineer, calculation means and an information management tool 
suitable for construction projects. A study is in progress to equip the engineering department with a data 
management tool which will be connected up to Catia V5 at the end of 2007.  

The engineering group has recently become more involved in collaborative work, which will 
necessitate data-sharing and, consequently, the standardisation of work methods. A critical analysis of how the 
Association manages its projects was performed and an action plan was defined. This plan is based on 5 
objectives: 

- Updating the Association “methodological guide” for Tore Supra projects, taking the diversity 
of its activities into account while preparing for a possible reorientation of its activities; 

- Improving the project management tools and developing new tools that could be used in the 
medium-term in order to reach its objectives; 

- Setting up an integrated approach to project risk management. This is the essential part of the 
action plan as it introduces a new management approach for a certain number of target projects 
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(JT60 SA, TBM, AIA, Diagnostic IR for ITER, DITS), complying with the Association quality 
strategy; 

- Developing an Association project management system to meet new requirements in view of 
its active participation in the supply of certain ITER components. 

This action is carried out in line with discussions held by EFDA for the European domestic agency. 
The EURATOM-CEA Association “quality representative” is drafting a proposal for a Quality Management 
System suitable for the European domestic agency, which could be approved before the end of 2007. 

 

 
 

Figure 4.1.2 – Monitoring the industrial manufacture of the Passive Active Multijunction (PAM) coupler plates for the 
hybrid-wave heating antenna 

 

4.1.2. ITER-related engineering activities 
 

Within the scope of different EFDA contracts, the Association takes part in the engineering of the 
ITER port-plugs and in the development of the infrared diagnostic for ITER. In the equatorial section, the port-
plugs are mechanical structures (~ 50 t, 2 m x 2 m x 4 m) cooled by pressurised water which is introduced by 
means of robotic tools in the ITER ports. These port-plugs are important multifunctional elements designed to 
maintain the components in the vacuum vessel, ensure nuclear shielding in the port, support first wall elements, 
and ensure vacuum vessel leak-tightness. In addition to these generic functions, the different types of port-plugs 
ensure more specific functions (diagnostics, heating antenna, blanket module test, limiter). The Association is 
specifically involved in the engineering of 3 port-plugs:   

1. The EQ01 diagnostic port-plug, considered by ITER as the reference diagnostic port-plug. 

2. A port-plug designed to integrate test blanket modules (TBM). 

3. A port-plug dedicated to the ICF heating antennas designed to integrate the HF components. 

The equatorial port-plug No.1 (EQ01) in ITER must be able to integrate 11 diagnostics developed by 
the different ITER partners, among which the infrared diagnostic developed by the Association through EFDA 
(Figure 4.1.3). 

For these reasons, the Association was given the responsibility of different EFDA contracts dealing 
with the study of the EQ01 port-plug structures. The Association also hosts an international “think tank” on the 
issue of how to integrate ITER diagnostics. This work involves tasks such as interface design and identification 
activities, thermomechanical analysis and general engineering activities such as technical specifications, 
manufacturing methods and prototyping carried out in compliance with a “nuclear component” type approach 
(Figure 4.1.4).  
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These actions, under the responsibility of the ITER European partner, will have to be reinforced to 
provide a complete system (with supply possibly provided by a consortium of associations) which can be 
integrated directly into ITER. 

 

 

Figure 4.1.3 – View of the EQ01 equatorial port-plug equipped with diagnostics 

 

 
Figure 4.1.4 – Example of analyses of the mechanical and thermal behaviour of the EQ01 port-plug 

 

In collaboration with CEA/DEN/DM2S in Saclay, the Association takes part in activities on the 
integration of the blanket modules (Helium-Cooled Lithium Lead (HCLL) concept) into the dedicated port-plug. 
The thermomechanical characteristics and all aspects related to safety and remote handling must be also taken 
into account. Preliminary discussions have led to the proposal of handling and dismantling by the rear end of the 
port-plug, instead of by the front as specified in the reference solution. Extraction of the TBM from the port-plug 
to the transfer cart is done in one block with the associated protection. The components may be separated inside 
the hot cell in a vertical manner using a lifting crane. In the months to come, the aim is to have a coherent design 
with supporting thermomechanical analyses that allows for remote handling and that meets the ITER 
specifications and the constraints specific to the TBM process. 

Within the scope of activities focusing on the Ion Cyclotron Resonant Heating (ICRH) system, the 
Association is involved in three main activities: 

1. The design of an ICRH heating antenna for ITER controlled by an internal adaptation system. 

2. The design of a Faraday screen for the ICRH antenna. 

3. The design of a specific port-plug specific for this antenna.  
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This work implies close collaboration with our European partners and ENEA (Italy), particularly 
when it comes to modelling the HF and plasma behaviour, and performing the mechanical, electromagnetic and 
thermodynamic calculations. The Association activity is focused on the mechanical design of the antenna, the 
Faraday screen and the port-plug. The ICRH antenna concept proposed for ITER is designed to couple HF power 
to the plasma on a frequency band between 45 and 55 MHz. The antenna can be divided into two main parts: the 
internal part inside the ITER vacuum, and the adaptation system which is in an independent vacuum after the 
first leak-tight barrier. The choice of a modular antenna was preferred to optimize production, assembly and 
maintenance costs (Figure 4.1.5). 

 
Figure 4.1.5 - ICRH antenna for ITER and its components 

 
Figure 4.1.6 – Faraday screen and details of the Faraday screen bars 

 

The Faraday screen (Figure 4.1.6) is the closest part to the plasma; it must therefore bear the highest 
stress (neutrons, thermal and electromagnetic in the case of plasma disruption). In the same way as the rest of the 
antenna, the screen is actively-cooled by pressurised water (30 bar) at 100°C; it is mainly composed of bars 
made from a CuCrZ support plate covered with beryllium tiles. Inside the support plate, a stainless steel tube 
connected by hot isostatic pressing makes it possible to cool the entire assembly.  
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4.2. INFORMATION SYSTEM MANAGEMENT 
 

4.2.1. Short- and medium-term upgrading of computer equipment 
 

A study focusing on the short- and medium-term (4 to 5 years) upgrade of the computer equipment 
was conducted. This study covered the computer systems used for Tore Supra operation, data acquisition 
processing and scientific calculations. It concerns neither the acquisition units nor the control unit. The aim is to 
predict the necessary computer upgrades and emerging new requirements. 

The main idea is to homogenise the equipment by the scheduled purchase of servers and clusters 
under Linux. Some are used for batch job processing, interactive accesses and basic services, while others are 
used for parallel code development. Overall, the principle has been accepted, and a road map was established for 
the next four years. 

The following actions launched the programme at the beginning of 2007: 

- Storage increase for discharges: the MSA1000 storage cabinet formerly reserved for users is 
now dedicated to Tore Supra discharges, making it possible to have 3.3 To of which 2 To are 
available for new data (Figure 4.2.1). 
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Figure 4.2.1 – Evolution of the experimental data volume (2006 production stopped on 26 October, representing 
approximately 80% of the 2006 campaign) 

 

- Change of data server: the Nashira machine, formerly dedicated to post-processing and 
batching, now acts as a data server and has been renamed Rigel. Nashira will be replaced in 
April by a new IBM quadri-pro dual core server under Linux. 

- Reception and installation of a new storage cabinet for users: this is a secure RAID 5 disk 
system, offering an initial 8 T octet storage capacity, extendable to 64 T octets. Users will have 
limited back-up space but bigger working space at their disposal. 

Lastly, the purchase and integration of a 128 CPU cluster to meet the requirements of the Association 
theory groups is currently being investigated. 

 

 



 

141 

4.2.2. European promotion and coordination of remote participation 
 

This EFDA task involves coordinating development and promoting the use of remote participation 
within the 26 European countries (25 EU + Switzerland). It is co-managed by the Association and the HAS-
KFKI, Hungary. Its aim is to distribute, homogenise and improve the implementation of the main remote 
participation techniques: remote access to computers and data, video-conferencing and remote experimentation 
between the different European laboratories. 

One of the first tasks was to organize a workshop, which was held in Riga (Latvia) in June 2006. This 
workshop brought together around forty participants, 14 of which participated remotely. Fifteen countries were 
represented as well as the international ITER-IT team and EFDA. 

During this workshop, the Association suggested implementing a collaborative work area for technical 
contacts in the form of a “Wiki” site to significantly increase exchanges between participants and allow them to 
easily access all the available tools. This proposal was validated by the workshop participants and implemented 
by the Association. 

The Wiki site for European remote participation is now operational: it counts over 50 members. It is 
hosted by the XWiki engine at http://xwiki.org which has been adapted; the specific xwiki syntax has been 
removed and a forum-type functionality has been crreated. 

 

4.2.3. Computer system security 
 

The implementation of the new Network Security Policy (NSP) consisted in defining and 
implementing a Partner area dedicated to the Association external collaborators and a hosting area designed to 
provide an Internet connexion to our visitors and to migrate all the CEA workstations and servers to the internal 
CeaNet network. A second step involved migrating the users under the Active Directory. Lastly, a third step 
involved the migration of the SMTP mail server to the Exchange 2003 mail server. The most critical point was 
the migration of the mail server which was a big change for SMTP users. Remote web mail access from 
Exchange 2003 has been a great improvement for nomad users. 

This extensive upgrading of the Association’s working environment ended at the end of June 2006 as 
initially planned with the CEA Information System Direction. 

 

4.3. SIGNAL CONTROL 
 

The DRFC manages the development, maintenance and upgrading of the acquisition, control and 
electronic systems in the Tore Supra facility. Over the period of time considered, new acquisition systems were 
developed to meet the requirements of new diagnostics or upgrades. Outdated equipment and appropriate 
upgrading solutions have been organised so as to meet future Tore Supra requirements. 

 

4.3.1. Control systems 
 

Up to 2005, all the control systems were operated using PMX series API (Automate Programmable 
Industriel) SCHNEIDER-ELECTRIC. In order to offset the approaching obsolescence of this equipment, 
development was undertaken to implement new generation API (TSX-37 series). In 2005, tests were carried out 
on the test platform and then on the new Tore Supra electrical baking API. This new electrical baking control 
system was connected to the Tore Supra control network at the end of 2006. The coordinated operating 
compatibility for the two API generations was validated. An upgrade of the control system is now available. 

The data display in the control room was upgraded and integrated into a new version of the SHIVA 
display system. 

http://xwiki.org/
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An API was implemented for the control of electrical stations as well as a supervision PC for 
monitoring purposes. A new generation API for piloting the neutral injection line test bench was installed. 

To offset the obsolescence of the ISA bus in the supervision PCs, a solution based on PCI bus format 
cards was recently validated. 

 

4.3.2. Data acquisition systems 
 

Two old generation acquisition systems (Intel 486) were the subject of a VME upgrade: DGLACONS 
(pellet injection) and DTOMOX (soft x-ray tomography). Fast VME format acquisition cards were developed for 
these two systems. 

DFARAD (Faraday angles) and DINTERF (interferometry) diagnostics saw their number of 
acquisition channels doubled, due to the installation of the IR interferometer reflected lines of sight, as well as 
the DVSPX diagnostic (hard x-ray tomography) with the implementation of the vertical camera. 

New acquisitions units were developed: 

- DVCAMIR (IR camera) for real-time IR security has been in service since April 2005, 

- A PC-based acquisition system has been operational since 2005 for the acquisition of CCD Hα  
cameras, 

- The new DSURVIE system for real-time monitoring of metallic impurities was commissioned 
in April 2006 and validated at the end of 2006, 

- The new Te fluctuation measurement diagnostic (DFLUCTE) was commissioned in 2006 with 
a local acquisition system before being integrated into the Tore Supra database at the 
beginning of 2007. 

Since 2004, fast acquisition systems have been implemented in several diagnostics: MSE, ECE 
superheterodyne, interferometry, Doppler reflectometry, fluctuation reflectometry, and Langmuir probes. 

In parallel, work is continuing to replace obsolete hardware or software (problems of life expectancy): 

- A Linux solution for the upgrade of the operating system for the new VME acquisition units 
was selected and assessed. The first unit equipped with a Linux-driven CPU was validated and 
will be commissioned in the summer of 2007. 

- A first acquisition unit on PC under Linux was validated and commissioned in 2006 for the Te 
fluctuation diagnostic (DFLUCTE). 

- An upgrade for the RTWorks discharge supervision programme is in progress. 

- The different Tore Supra electronic elements that are no longer maintained are currently being 
upgraded. 

 

4.4. TOKAMAK 
 

4.4.1. Remote handling: articulated inspection arm (AIA) project 
 

Studies that were launched in 2001 for a multi-articulated robot arm designed to inspect tokamak 
vessels will result in the commissioning of the Articulated Inspection Arm (AIA) robot in the second semester of 
2007. 

These studies, carried out within the framework of an EFDA task, will be used to demonstrate for 
ITER the capability of a robot arm to work inside the plasma vessel without loss of vacuum and temperature. 

At the same time, studies are being conducted to define the onboard processes used to inspect the 
plasma facing components (high-definition camera, leak detection system) or treat the vessel walls (detritiation 
by laser ablation, surface characterisation, dust collection, etc). 
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The AIA is being developed by CEA at the Fontenay-aux-Roses “robotics and integration” service 
(DRT/DTSI/SRI). The Association is involved in this development via the installation of the AIA in Tore Supra 
for a demonstration under conditions representative of those in ITER; it has carried out the integration studies, 
the associated manufacturing operations and the qualification of prototypes. 

The objectives of the project are three-fold: the development of the robot arm, the development of a 
transfer track and the development of the onboard processes.  

4.4.1.1. Development of the robot arm 
The robot is made up of 5 segments with a total of 10 degrees of freedom for an overall reach of 8 m 

and a 160 mm segment diameter. Each segment is made up of a titanium tube which includes its own electro-
technical elements (actuators, encoders and control boards). 

In 2004, a first prototype segment (Figures 4.4.1) was successfully tested by the Association. It 
operated under vacuum and temperature in a test chamber. The test included alternating static conditioning 
phases at 200°C and dynamic cycles at 120°C. 

 

 

Figure 4.4.1 – Prototype segment in the Tore Supra full-scale test module 
 

During the summer of 2006, the first series segment was tested in Cadarache. These tests were 
followed by an equipment upgrade and the launching of the overall assembly of the robotic arm (Figure 4.4.2). 
However, contrary to the prototype motors, the industrially-produced electric motors proved to have problems 
with temperature resistance which meant new materials had to be selected. 

The final tests on the first industrially-produced segment conducted at Cadarache in March 2007 
validated the last technological choices and the behaviour during dynamic cycles at 120°C and static cycles at 
200°C. 

 

 
 

Figure 4.4.2 – Components of a segment prior to assembly (July 2006) 



 

144 

 
The robotic arm has reached the final assembly stage; the last four industrially-produced segments 

were assembled and the prototype segment was adapted for integration into the AIA (Figure 4.4.3). 

After a phase of tests in Fontenay-aux-Roses and the overall operational qualification, the robotic arm 
has been delivered to Cadarache to be installed in Tore Supra. 

 
 

Figure 4.4.3 - 4 AIA segments assembled for their first tests (April 2007) 
 

Upon reception at Cadarache, all the components of the robot will once again be qualified before use. 
A full-scale mock-up of Tore Supra is made to simulate full use; an adaptation on the ME60 test chamber will 
also allow for tests with partial reach in vacuum and temperature conditions. 

All of these checks will make it possible to determine the initial reliability and performance of the arm 
in order to carry out a visual (with a camera) inspection of the Tore Supra vessel with no loss of conditioning 
(under vacuum at 120°C) in autumn 2007. 

A new campaign of tests and measurements using the robot will then be performed on the mock-up in 
order to accurately determine any structural deformations (flexible model). The phase needed to adjust the 
parameters of the flexible model should extend beyond the year 2007. First of all, the positioning of the arm in 
relation to the plasma facing components has to be adjusted to reach decimetre accuracy (autumn 2007). 
Progressive refining of the parameters for the flexible model should lead to a positioning accuracy of less than 
one centimetre in the short term. 

 

4.4.1.2. Transfer track and installation in Tore Supra 
The transfer track studied is a system designed to introduce the multi-articulated robotic arm into the 

Tore Supra vessel. It consists of a motorised trolley, the operating system, which moves along a 10 m long guide 
rail. These elements are integrated into a vacuum vessel, 11 m long, which ensures the storage, vacuum 
conditioning at 200°C, and its precise guiding during operation in the plasma vessel. This system is mobile and 
connectable to a Tore Supra dedicated connection; its structure, studied in 2005, was manufactured and delivered 
to Cadarache at the end of 2006. Its dimensional tolerance and vacuum tightness were validated in March 2007 
and its equipment is being pursued with the installation of baking devices and associated automatic control 
mechanisms. The internal fittings and alignment in the torus hall will be performed during the next summer 
shutdown (June 2007) (Figures 4.4.4 à 4.4.7).  
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Figure 4.4.4 – Study of Q1Am installation in Tore Supra (2005) 
 

 

 
Figure 4.4.5 – Stainless steel guide vessel in welding phase (March 2006) 

 

 
 

Figure 4.4.6 – Equipping of the transfer track (March 2007) 
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Figure 4.4.7 - Transfer track in the Tore Supra hall (April 2007) 

 

4.4.1.3. Process development 
The processes currently being studied to see if they can be used to equip the robot arm are: vision 

process, helium sniffer leak detection process, laser ablation detritiation process, surface spectrometry process 
and the dust collection process. 

The first two processes (vision and leak detection) will equip the robot during the first two operations 
programmed for 2007. They were the object of industrial developments by Hytec belonging to the ECA group, 
an inspection specialist in hostile environments. 

A high definition CCD camera equipped with light-emitting diodes was installed in a leak-tight vessel 
that can be connected to the robot. Leak detection will be by helium sniffing using a hose attached to the robot. 

Both systems will be delivered to CEA in June 2007 for qualification and integration. 

At the same time, onboard processes for vessel wall treatment (laser ablation detritiation, surface 
spectrometry) are in the preliminary design phase led by the Association in collaboration with the 
CEA/DPC/SCP/LILM laboratory. 
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5. OPÉRATION 
 

5.1. TORE SUPRA 
 

5.1.1. Overview of Tore Supra operation 
 

The global availability of Tore Supra increased over the period 2004-2006, reaching more than 75% in 
2006 (Figure 5.1.1). At the same time, the total amount of HF energy injected into the discharges increased 
significantly: 65 GJ of HF energy injected into the plasma in 2006 (Figure 5.1.2). Likewise, for the coupled 
power, a total of 67 minutes of plasma at an injected power of more than 6 MW was achieved in 2006. It should 
be noted that the fraction of ohmic energy necessary for carrying out the experimental programmes is now less 
than 20%. 
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Figure 5.1.1 - Availability of Tore Supra, HF and ohmic energy since 1991 (the total amount of energy has not been 

calculated for every year) 
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Figure 5.1.2 - Cumulative plasma duration achieved in a given power range since 2003 
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In the period under consideration, the number of water leaks inside the machine was considerably 
reduced: none in 2005 and one in 2006, as against four in 2004. Likewise, the number of fast discharges of the 
toroidal magnet was considerably reduced: none in 2004 and 2005, and two in 2006. 

All this shows both the maturity of the Tore Supra facility in relation to the major changes made when 
setting up the CIEL project, and the relevance of this project to the issue of managing high power fluxes. This 
unique experience constitutes a very important input for the next step devices. 

 

5.1.2. Water leaks problem, repairs and associated evolutions 
 

With the setting up of the CIEL project, a number of early failures associated either with using new 
components (new inner vessel thermal protection and ripple protections, FCE antennas, IR endoscopes or ITER-
like prototype antenna) or changing of old components (inverting the C2 coupler) has resulted in eleven water 
leaks in the plasma vessel since 2001. In 2001, there was only one steam leak in the torus hall due to the use of a 
faulty seal on the B30. Each time, the in-vessel water leaks have required work in the plasma vessel and repairs 
and/or modifications of the components affected. Details of the in-vessel water leaks since 2001 are given in 
Figure 5.1.3. 
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Date Leaks 

Jul-02 Leak on PEI-PJ2 induced by e- ripple losses 

Sep-02 Leak induced by  a blocking in a cooling circuit 

Jun-03 Failure weld in Prot. Ripple IR Endoscope Q5B 

Oct-03 ECRH induced leaks on Outboard limiter  

Nov-03 ECRH antennae steering mirror cooling circuit 

Mar-04 ECRH antennae steering mirror cooling circuit 

Mar-04 Iter-like ICRH antennae capacitor cooling circuit 

Mar-04 Failure weld in Prot. Ripple IR Endoscope Q4B 

Oct-04 Cavitation launcher C2 

Dec-04 Faraday screen ICRH Ant. Q2 

Sept-06 Cavitation launcher C2 
 

 
 

Figure 5.1.3 - In-vessel water leaks since 2001 (CIEL configuration) 

 

All these operations led to the improved reliability of Tore Supra from 2005 onwards. These 
operations are described below and mainly concerned: a) reinforcement of the ion and electron ripple protection 
plates, b) work on the ICRH antennas, c) improvement of the reliability of the ECRH heating system and its 
procedures, and d) better understanding the cavitation phenomena caused by local losses. 

 

5.1.2.1. Electron and ion ripple protection 
Specific protections were installed in Tore Supra to deal with the very localised thermal fluxes 

associated with electron and ion ripple losses. In particular, during the winter 2004-2005 shutdown, six actively-
cooled electron ripple protections were installed in the junction plans (intermagnet area at the top of the 
machine) in order to prevent the type of leak that occurred in July 2002 (Figure 5.1.4). This installation therefore 
completed the equipment for the eighteen electron ripple loss sites. In addition, twenty-four CFC inertial plates 
were fitted in the twelve vertical port-plugs in order to collect the electron ripple losses getting around the 
actively-cooled tubular protection of the edge of the port-plugs. The by-pass of this tubular protection had 
produced considerable erosion in the port-plugs, without however going as far as causing a water leak. 
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Figure 5.1.4 – Actively-cooled electron ripple protection – junction plan, top part 
 

In the same way, traces of erosion were observed on the inner vessel thermal protection panels in the 
ion ripple loss zone (intermagnet area at the bottom of the machine). To remedy this problem, inertial protections 
in the form of CFC fingers were fitted during the winter 2004-2005 shutdown (Figure 5.1.5). The electric arc 
damage to the initial assembly (on the fixing pins, which have some play to allow for expansion between the 
protection and its support) led to its modification during the winter 2005-2006 shutdown so as to put an end to 
the observed metal erosion contaminating the plasma. 

  
Figure 5.1.5 - New inertial ion ripple protections 

 

All these modifications made it possible to continue increasing the energies handled in Tore Supra in 
2005 and 2006 with no further problems caused by suprathermal particle losses. 

 

5.1.2.2. Ripple protections: infrared endoscope 
In 2004, following repeated water leaks on the CuCrZr ripple protections fitted on the infrared 

endoscopes (2 identical leaks in 2 years on a batch of seven parts), the actively-cooled protections were replaced 
with temporary inertial protections during the summer of 2004. These leaks were related to electron-beam 
welding (EBM) difficulties on the CuCrZr material. It was decided to keep the active cooling of the copper heads 
for each of the seven endoscopes which carry the vacuum windows of the 3 optical lines. 

 

5.1.2.3. Work on the Faraday screens of the ICRH antennas 
The leak on the Q2 antenna in December 2004 necessitated strengthening the median weld of the 

Faraday screen. Taking advantage of the dismantling of two antennas (Q1 and Q5) to carry out maintenance 
work on the tuning capacitors in the summer of 2005, preventive repairs were carried out on the median weld of 
the Faraday screen. During this operation, defects of the same type as those observed following the water leaks 
were discovered. 
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5.1.2.4. Work on the prototype ICRH antenna  
As the initial tests on the new ICRH antenna design developed for ITER led to a water leak in Tore 

Supra in 2004, it was decided to improve the cooling system of the tuning capacitors. This modification, together 
with the addition of the central septum to the Faraday screen, led to a large number of technical difficulties that 
have delayed the installation of the antenna. 

 

5.1.2.5. Improving the reliability of the electron cyclotron frequency (ECF) antenna 
It was decided to completely redesign the bellows system which enables the B30 cooling system to 

follow the movements of the actively-cooled mobile mirrors of the ECF antenna. In particular, the two poloidal 
and toroidal movements were decoupled. This new system was tested and validated on a mock-up. It has been 
operational in Tore Supra since 2005. In 2005, a weakness was discovered in the mirror Cardan joint control 
system. Three actions were therefore taken: the transmissions were repaired, reinforcements were installed on 
the Cardan joints, and torque limiters were fitted on the control motors to limit loads. After the ECF antenna had 
been modified and the ECRH heating set-up procedures had been strengthened, the system was then qualified for 
ECF real-time control experiments. 

 

5.1.2.6. Modification of the C2 coupler cooling system 
In September 2006, there was a water leak in the plasma vessel during the operational phase of Tore 

Supra. This was quickly detected in the C2 coupler cooling system. After removing the coupler, the leak was 
located on a diaphragm balancing the flow rates in the various parallel circuits. It should be noted that in the 
context of the CIEL project, the direction of the toroidal magnetic field was reversed in order to direct the ion 
drift towards the TPL. The C2 hybrid coupler was therefore inverted. As a consequence, the diaphragm which 
had initially been on the high pressure (HP) branch of the cooling system was on the low pressure (LP) branch. 

A leak of the same type occurred in October 2004. At the time, this leak was explained by the 
configuration associating the diaphragm on the LP branch with the “cul-de-sac” geometry of the LP cooling 
system, where the jet produced by the diaphragm was perpendicular to the downstream flow of the fluid (Figure 
5.1.6). It was therefore decided to do away with this geometry. A brief analysis at the time did not come to any 
conclusions as to the origin of the leak, with two possible phenomena having been suggested: the trapping of a 
foreign body in the “cul-de-sac” or a cavitation phenomenon. In the latter case, the analysis of the hydraulic 
characteristics of the diaphragm did not reveal a cavitation phenomenon. 

 

Flow 
Vortex region 

Erosion, leak Diaphragm  

 

5.1.6 - “Cul-de-sac” geometry of the water leak in 2004 
 

With the second leak in 2006 (Figure 5.1.7), a more detailed analysis of the cavitation phenomenon 
was undertaken, seeing that this time the diaphragm was in line with upstream and downstream flow. This 
showed that not only should the geometry of the diaphragm be taken into account but also the downstream 
geometry of the system that possibly contains additional sources of turbulence (in this case, branch connections 
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perpendicular to the main flow), which have the effect of reducing the formation threshold of the cavitation 
nuclei. 

To remedy this cavitation problem, a 3-stage differential pressure system was installed to replace the 
singular head loss caused by a single diaphragm (Figure 5.1.8). 
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Figure 5.1.7 - Geometry of the leaky system in 2006 
 

 

5.1.8 - Diagram of the new 3-diaphragm differential pressure device 
 

5.1.2.7. Dedicated pumping unit for water leaks in the vacuum vessel 
The various water leaks that have occurred in the plasma vessel polluted the valves, pumps, gauges 

and the vacuum line, as well as saturating with water the gas discharge pipes, leading to liquid backflow harmful 
to the primary pumps. 

To limit the consequences of the water leaks, a new dry pumping unit was installed in Tore Supra 
during the winter 2006-2007 shutdown (Figure 5.1.9). While engineers search for the leak origin, this special 
unit will ensure high pressure water vapour pumping, P < 10-2 Pa. A temporary connection to the TS pumping 
gas discharge system will enable it to operate while awaiting the construction of a specific evacuation network 
that will totally isolate this system that is potentially polluted with water. Operating tests were carried out in a 
manual control mode. In order to measure its pumping efficiency, it was used while the plasma vessel was being 
pumped down at the end of the winter 2007 shutdown. Its automated control system is currently being finalised. 
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Figure 5.1.9 - Steam plant installed in the basement of Tore Supra 
 

This installation will ensure the safety of the pumping systems when there is a water leak in the 
vacuum vessel, and thus increase their availability for a faster start-up. 

In addition to the dedicated pumping unit, a hot nitrogen gas injection and evacuation system was 
installed and connected to the vacuum vessel at three different points. 

 

5.1.3. Preventive maintenance of ICRH antenna tuning capacitors and torus 
pumping system 

 

In the context of preventive maintenance, the tuning capacitors of two of the three ICRH antennas 
were changed in summer 2005. The maintenance of the third antenna is scheduled for summer 2007. 

The machine pumping system has also undergone preventive maintenance. All the 2200 l/s Pfeiffer 
pumps, i.e. a total of 12 pumps, underwent preventive maintenance at the beginning of 2006. 

This maintenance will ensure correct operation of these systems up to 2009. After this, replacement of 
this obsolete equipment must be considered. This replacement by new generation Pfeiffer 2003 pumps has 
started on the cryogenic system, the pumping chamber and the pellet injector 

 

5.1.4. Changes to the oleohydraulic transmission systems 
 

A new simplified, compact hydraulic distribution panel for controlling the hydraulic brakes on the 
heating antenna jacks was designed, manufactured and installed. It replaced the existing panel which was bulky 
and difficult to access. 

The C2 hybrid coupler was fitted with the new hydraulic jack intended for the future C4-PAM hybrid 
coupler (Figure 5.1.10). This was done in order to validate now all the position control systems of the future 
coupler. 
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Figure 5.1.10 - Planned hydraulic jack for the future C4 coupler installed on C2 
 

5.1.5. Upgrade of the outer flanges baking system 
 

Action to improve the baking system of the entire Tore Supra vacuum vessel has been under way 
since 2006. In this context, a complete overhaul of the external baking installation was performed. The 
temperature of the machine outer flanges is now controlled in a uniform way according to the temperatures of 
the inner vessel and the primary coolant system of the plasma facing components (B30). 

This action has mainly consisted in installing three control units and a programmable logic controller. 
Each of these units provides precise control of the heater cables and controls the temperatures of two complete 
Tore Supra modules. 

Since March 2007, 75% of the outer flanges have been baked. The remainder will be operational for 
the autumn 2007 experimental campaign. 

 

5.1.6. Neutral beam injector alignment 
 

In 2005, following difficulties interpreting the MSE measurements, the alignment of the neutral beam 
injection (NBI) diagnostic unit was checked. The angular deviation from the theoretical position was found to be 
less than 0.7°. The difficulties encountered with the MSE diagnostics could therefore be attributed to a shift in 
the diagnostic views and not in a beam shift. 

During this period, a new optimised connection of the NBI unit to the torus vessel was installed on the 
machine. This set free a space equivalent to a horizontal half port-plug for the installation of a new diagnostic 
assembly. 

 

5.1.7. Improvement and maintenance of the machine cooling systems 
 

Since 2004, maintenance and improvement operations have been carried out on all the cooling loops. 
The purpose of these operations was to improve the system and maintain the high safety and availability level of 
the Tore Supra cooling system. 

The work focused on the primary coolant loop for the plasma facing components (B30), the secondary 
decarbonated water loop (BED) and the B50, B60 and B70 loops cooling the various sub-systems. 
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5.1.7.1. Loop 30 (B30) 
In 2004 the shut-off valves at the top part of the machine were made completely watertight, which 

means that it is possible to drain the top part only if there is a water leak in a plasma facing component 
connected to this system. 

On the B30, the hydrazine injection system was upgraded to take account of the new safety rules 
concerning the handling of this dangerous product. Likewise, the physico-chemical analysis system of the AVT 
water in the B30 was upgraded. 

The regulator on the B30 heater was replaced in 2005. The control console for the B30 safety devices 
was upgraded. A test loop was built to qualify ITER components under B30 operating conditions representative 
of the ITER primary loops in terms of temperature and pressure. In 2006, this loop was also used in the context 
of an EFDA task for testing the hydraulic connections for the ITER neutral beam injector prototype. 

Also in 2005, an automated system was built for locating the leaking sub-circuit in the event of a leak 
in the vacuum vessel. It remotely controls the pressurisation and depressurisation valves of the sub-circuits. It is 
therefore possible to reduce the search time and thus limit the vacuum vessel risks when there are small water 
leaks. In 2006, this system was used to quickly locate the leak that occurred on the C2 coupler, without having to 
wait for the toroidal field to drop, as was previously the case. 

The 10-yearly inspections were also carried out in 2006 to qualify the capacities of the B30 
components: VE30 (pressuriser), B31 (stratifier) and HT33 (heater). An inspection of the E30 exchanger body 
and beam was also carried out. 

 

5.1.7.2. Decarbonated water loop (BED) 
In 2005, the Tore Supra decarbonated water loop systems (BED, secondary loop of the TS cooling 

systems) were partially upgraded. This upgrade concerned the supply circuits of the continuous systems between 
building 510 (Cooling and Cryogenics machine room) and building 500 (torus hall), as well as the distribution 
system in the torus hall. The black steel pipes – heavily corroded by almost 20 years’ operation – were replaced 
by stainless steel pipes. Likewise, part of the ICF generator cooling system was upgraded in 2006. 

 

Figure 5.1.11 - Control diagram of the Freon compressor cooling system for the buildings air-conditioning 
 

In 2006, a specific cooling system for the Freon compressors used to air-condition the buildings, the 
torus hall and the computer rooms was created on the decarbonated water loop. The capacities of the “continuous 
systems” circuit thus became independent of the air-conditioning loads, and the flow limits imposed on the users 
in summer should disappear. The new control system was designed, installed and validated during the winter 
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2006-2007 shutdown (Figure 5.1.11). The safety tests were carried out and the system has been in operation 
since February 2007. 

 

5.1.7.3. Loop 50 (B50)/ Loop 60 (B60)/ Loop 70 (B70) 
In 2004, the heat exchangers had to be replaced in loops B50 and B60 which ensure the transfer of 

thermal power from the Tore Supra additional heating generators to the decarbonated water secondary loop. 
Their nominal exchange power increased from 3 MW to 5.8 MW, which makes it possible to reduce the cooling 
time of the two 75 m3 buffer capacities installed on these two loops. Moreover, their speed control equipment 
was replaced by more modern equipment to minimise the risk of breakdown. 

In 2005, the P70 pump speed control was replaced on the demineralised water loop (B70), along with 
the F70 filter, which now makes it possible to filter the total flow with a filtering capacity between 25 and 200 
µm. 

 

5.1.8. Analysis of Tore Supra operation feedback 
 

Within the framework of the EFDA task “Collection of Data related to Tore Supra operation 
experience on component failure”, we have just started analysing operational feedback on the specific Tore 
Supra systems such as cryogenics, control of the toroidal magnet and the cooling systems of the plasma facing 
components. Analysis involves identifying the failure modes and calculating the hourly unavailability rate of the 
components. This data is designed to supply the “Fusion component failure rate database” developed by ENEA. 
This operational feedback, partially based on the analysis of the stored control data, should also make it possible 
to optimise maintenance of the systems analysed. 

 

Figure 5.1.12 – Number of operating hours in 2006 for loop B30 in different operating conditions 

 
Three task meetings were held with EFDA representatives in June and December 2006, and in March 

2007. Original tools for the analysis of the operating conditions and failure rates are currently being developed. 

For the time being, only the cooling system has undergone analysis. On the basis of: a) data contained 
in the monitoring system of the Tore Supra plasma facing component primary cooling loop (B30) and b) 
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information relative to incidents recorded in the PAVANE database and shift registers, it has been possible to 
evaluate the B30 loop operating time in different operating conditions (Figure 5.1.12) and the total number of 
cycles to which the components have been subjected. It has also been possible to quantify the number of defects 
in the various components (pumps, heaters, valves, etc.). 

 

5.1.9. Planning and quality control 
 

The Tore Supra Operations Unit (CETS) has become more involved in the management and planning 
of projects upstream of Tore Supra operation. This coincides with the arrival of an engineer/project manager at 
the CETS. This person is in charge of managing and homogenising the different projects currently underway for 
Tore Supra (C4, klystrons, AIA, fast camera, ITER prototype antenna, etc.) as well as the R&D studies for ITER 
as part of EFDA tasks (ICF antenna, diagnostics, port-plug, etc.); it also helps, in collaboration with the CTIQ, to 
implement the quality approach – defined on a departmental level – in all projects. All of these actions are part of 
a programme intended to encourage the acquisition of project management skills in the field of magnetic fusion, 
which can be ultimately redirected to the ITER project. 

Over the considered period of time, an increased effort to better control the planning and follow-up of 
these maintenance actions significantly reduced the duration of programmed shutdowns. For example, the winter 
2005-2006 shutdown was an opportunity to carry out all the maintenance, repair, upgrading and improvement 
actions needed to maintain the integrity and the functional capacities of the facility. Moreover, the yearly and 
ten-yearly inspections, carried out in 2006, were also done during this period. Ninety five worksites, representing 
265 basic operations for a total of approximately 12,000 work-hours, were conducted in the planned time limits 
at the beginning of shutdown. 

Since 2005, the quality approach has resulted in a practically systematic “tracking” of all actions 
included in the schedule. The tracking process is based on “activity sheets” and “approval sheets” for limited 
operations, on “procedures” for recurrent actions, and on “specifications” for maintenance actions. 

From a planning viewpoint, the year 2007 should see the implementation of major technological 
projects: the ITER prototype ICF antenna test; the AIA robot inspection arm test; dismantling for expertise of a 
TPL sector (DITS project); the initiation of the C4 hybrid coupler assembly; the installation of a heated cathode 
on the SINGAP accelerator; the preparation of the hybrid bench test for the reception of new klystrons (CIMES 
project). The year 2007 will also be characterised by an inversion in winter and summer maintenance operations.  
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6. ITER SITE 
 

Until Cadarache was chosen as the European candidate site on 26 November 2003, the files needed to 
prepare Cadarache as the host for ITER were realised on behalf of the French authorities. After this date, Europe 
took over Cadarache candidacy vis-à-vis the other ITER partners. Therefore, most of the study and work 
contracts continued to fall under the European Fusion Development Agreement (EDFA), some contracts being 
part of an agreement signed by the six territorial authorities. The main guidelines were: 

- file preparation in support of Cadarache candidacy to host ITER; 

- Studies and work needed to start ITER construction once the site had been chosen. 

The ITER project partners met in Moscow on 28 June 2005 to announce, among other matters, that 
Cadarache had been chosen to host ITER.   

From this moment on, work fell under the continuation of the former European ITER Site Study 
(EISS) contracts (but oriented towards construction activities), with the added concern of strengthening relations 
with EFDA and the international team. The number of joint work sessions rapidly increased, ensuring an 
excellent level of exchange and encouraging team spirit. The EISS set-up remains the most efficient working 
framework, and enables the European Union to follow up its own commitments and closely monitor the progress 
of French commitments. 

Last of all, continuity in the main technical managers at CEA was ensured, thereby making it possible 
to maintain a knowledge base of the ITER project. 

CEA recently set up a new structure to better cater for the ITER site French commitments: Agence 
ITER France (AIF). AIF is the main official contracting authority in charge of executing all French commitments 
and ensuring the technical coordination of the EISS project, with the administrative tasks remaining under the 
responsibility of the EURATOM-CEA Association. The CEA Direction de l’Énergie Nucléaire (DEN) is also 
responsible for a great number of technical and safety tasks, and adapted its organization to better meet ITER 
project requirements: a project manager was appointed to coordinate the different DEN teams supporting the AIF 
contracting authority. 

A brief description of the main results and actions undertaken during the relevant period is provided 
below. 

 

6.1. IN-FENCE STUDIES AND WORK 
 

An important task was to keep the overall site drawings up to date by taking into account the project 
evolutions. This activity mainly consisted in providing the international team with all the study results and 
supporting them in relation to adapting the generic project to the Cadarache site: location and orientation of 
buildings, tunnels, etc. 

At the same time, CEA finalised the procedure for the purchase of the 182 hectares of land to be made 
available for the International Organisation: revision of the land registry, and file preparation for the land-use 
plan, which was done during the second term of 2006 after the public debate.  

The drawings for the future site were updated to take into account changes communicated by the 
ITER team. Figure 6.1.1 provides a general view of the ITER site, distinguishing between French and European 
responsibilities. Figure 6.1.2 shows a virtual picture of the ITER site, taken from the film “ITER, une étoile en 
terre de Provence”. 
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Figure 6.1.1 – General view of the ITER site 

 

 

 
 Figure 6.1.2 – Future ITER site (from the film “ITER, une étoile en Terre de Provence”) 

 
 

Seismic calculations were performed taking into account surface waves (Rayleigh and Lowe waves). 
Calculations showed that these waves should have no significant impact on the tokamak building behaviour (a 
differential load on the aseismic bearing pads in relation to ground movement was feared). The calculations did 
reveal degradation in acceleration owing to significant sinking of the building. These calculations should be 
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included into the final definition and precise dimensions of the tokamak building, which will also include the 
building diagnostic. 

Last of all, as contractor of the preliminary design study for a building dedicated to the manufacture of 
the poloidal coils, Alstom submitted its final report which included a cost assessment of this building. In parallel, 
the CEA Département de Recherche Fondamentale sur la Matière Condensée in Grenoble (in charge of 
assessing the cryogenic facility) drafted the relevant tender specifications. Once these two studies have been 
consolidated, it will be possible to finalise a global cost assessment comparing the different solutions available 
for both these facilities. 

For the Joint Work Site (JWS) set-up, a temporary office building was built to accommodate for new 
foreign staff belonging to EDFA and ITER teams. This building contains about one hundred offices and several 
meeting rooms. It will be used until the main office buildings and annexes (canteen, medical unit, reception) 
have been built and commissioned. A 35 m² computer area was set up within the DRFC computer room to take 
advantage of current infrastructures: air-conditioning, emergency power system, and cable tunnels. 

 

6.2. OUT-OF-FENCE WORK AND PREPARATION OF SITE BOUNDARIES 
 

6.2.1. Transport 
 

Study continued on the transport itinerary for the ITER heavy components, which is being financed 
through agreements with the local authorities and through the EFDA contract No. 5-1a TWA-TES-COLABA. 
Study is focusing on the ecological environment of the itinerary, the characterisation of the civil engineering 
structures, the construction of an unloading dock, the feasibility of a dredging operation, and the completion of 
the surface profiles for the itinerary. 

This task has generated a hefty workload. The State departments responsible for this file – by 
delegation from the institutional manager (Bouches du Rhone regional council) – have picked up the complete 
file from the ad-hoc working group in which the CEA was actively involved. Itinerary meetings were organised 
with all the relevant municipalities and various variations are being investigated in an attempt to optimise costs 
and pacify inhabitants affected by the itinerary. 

 

6.2.2. Water supply, effluent releases and treatment 
 

A systematic monitoring of the site hydrogeological system has been implemented. This monitoring 
system will be used to establish the drainage pattern of storm water and ground water. 

The specifications for the water supply and effluent release system have been drafted, and the call for 
tender was launched. The reference solution recommended during the candidature phase was implemented; the 
ITER water supply and effluent release system was connected up to the existing Cadarache Centre system. This 
solution has the advantage of minimising investment costs while providing ITER with a certain level of 
independence. 

 

6.2.3. Power supply 
 

The exact definition of the power supply solution was finalised. The preliminary studies helped 
consolidate the choice of a 15 kV power supply as the reference solution for the ITER worksite and emergency 
power supply. Meetings with the Réseau de Transport de l’Électricité (RTE) helped to precisely define the 
schedule for the construction and commissioning of the double 400 kV power line which will supply electricity 
for both the pulsed and the permanent facility operation. The international team did not consider that this 
represented a significant change to the generic project design and therefore integrated this solution into the 
Cadarache-specific project design. 
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6.2.4. Internet, télécommunications 
 

Meetings were held with the company Renater which may be chosen to manage internet connections 
for ITER. Renater is responsible for the VDSL scientific networks in France. The necessary infrastructures for 
Cadarache were defined and the installation work has already begun. Several telephone companies were also 
contacted in view of reinforcing GSM coverage on the ITER site. 

 

6.3. SAFETY AND LICENSING 
 

The master safety planning and the detailed planning for the preliminary safety report (RPrS) were 
prepared in order to identify resources and launch “Safety & Licensing” actions and tasks within the scope of the 
EISS-5 contract. Volume 1 of the preliminary safety report (version resulting from the EISS-4 contract) was 
translated into English. The table of contents for the future document was simplified. 

Several thematic meetings (e.g. fire, ventilation, tritium, etc.) were held and a first scoping meeting 
was organised with the French Nuclear Safety Authority (ASN) and the other concerned partners (ITER, EFDA 
and CEA). 

 

6.4. SOCIOECONOMY, COMMUNICATION 
 

Other than the transport file discussed above, the implementation of the ITER support committee 
working under the Regional Prefect made it possible to launch a number of assessment tasks, for example, in the 
field of employment and training. One of the objectives is to identify any discrepancies between ITER 
requirements and the number of qualified workers available in the region, and set up training courses where 
appropriate. 

This task was greatly influenced by the results of the ITER public debate, during which the CEA 
welcomed a delegation of international partners in September 2005. This public debate came to a close on May 
4th, 2006 in Marseille and mobilised a great deal of resources from the CEA, the European Commission and the 
International team, who made an effort to attend every meeting. The ad-hoc public debate commission (CPDP) 
drafted the debate report which was submitted to the National Public Debate Commission (CNDP) which will 
draw the conclusions.  

Last of all, a temporary building was provided to house the “ITER Welcome Office” at the Bergerie 
near the Cadarache Castle.  
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on Tore Supra 

7 th European Conference on Applied Superconductivity, VIENNE (Autriche)  
11/09/2005 - 15/09/2005 
CIAZYNSKI D., L. ZANI, P. DECOOL, H. CLOEZ, J.P. SERRIES, M. TENA 

Effect of joint quality on conductor short sample performance  
DUCHATEAU J.L., L. ZANI, W. FIETZ, C. BRUZEK, A. VOSTNER, K. WEISS, N. DOLGETTA 

Addressing critical properties of Nb3Sn new strands for ITER in subsize stainless steel jacketed samples 
ZANI L., H. CLOEZ, M. TENA, A. DELLA CORTE, L. MUZZI, A. DI ZENOBIO, E. SALPIETRO, A. 

VOSTNER 
Influence of bending strain on the critical properties of jacketed Nb3Sn strands  

11th International Conference on Ion Sources, CAEN (France) 
12/09/2005 - 16/09/2005 
BOILSON D., B. CROWLEY, D. HOMFRAY, D. BOILSON, L. SVENSSON, H. DE ESCH, A. KRYLOV 

Characterization of the ITER model negative ion source during long pulse operation  
SIMONIN A., P. GARIBALDI 

CYBELE: a large size ion source of module construction for the Tore Supra neutral beam injector  
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10th Int. Symp. on the Production and NNIB, KIEV (Ukraine) 
14/09/2004 - 17/09/2004 
HEMSWORTH R., D. BOILSON, L. SVENSSON, H. DE ESCH, P. MASSMANN 

Development of the long pulse negative ion source for ITER  
SVENSSON L. 

Experimental results with the new ITER-like 1 MV SINGAP accelerator 
19th International Conference on Magnet Technology, GENOVA (Italy)  
18/09/2005 - 23/09/2005 
DECOOL P., H. CLOEZ, S. NICOLLET, A. NYILAS, J.P. SERRIES 

Design and qualification of ITER CS and TF cooling inlets   
DOLGETTA N., P. DECOOL, J.M. VERGER 

Development and manufacture of a PF coil-tail mock-up  
LIBEYRE P., N. DOLGETTA, D. CIAZYNSKI, J.L. DUCHATEAU, C. LYRAUD, F. KIRCHER, T. SCHILD, 

W. FIETZ, G. ZAHN 
Proposals for cold testing of the ITER TF coils  

ZANI L., D. CIAZYNSKI, R. HELLER, F. WUECHNER, H. RAJAINMÄKI 
Study of current distribution in TFMC NbTi Busbar III  

Workshop on the Coordinated Programme for Real Time Measurement and Control, CULHAM (UK)  
19/09/2005 - 20/09/2005 
MAZON D. 

Real time measurement and control system at Tore Supra  
11th European Fusion Theory Conference, AIX-EN-PROVENCE (France) 
26/09/2005 - 28/09/2005 
BOURDELLE C., G.T. HOANG, X. GARBET, C. ANGIONI, L. GARZOTTI, H. WEISEN 

Turbulent particle transport in magnetized fusion plasmas  
DARMET G., Ph. GHENDRIH, Y. SARRAZIN, Y. SARAZIN, V. GRANDGIRARD, X. GARBET 

Statistical analysis of turbulent front propagation in a 3D Vlasov-Poisson model  
DUMONT R. 

A new Hamiltonian code for the simulation of ICRF waves propagation and absorption in tokamaks 
FUCHS V., J. GUNN 

An area-preserving second order integration scheme for use in particle-in-cell codes 
GARBET X., N. DUBUIT, E. ASP, Y. SARAZIN, C. BOURDELLE, Ph. GHENDRIH, G.T. HOANG 

Turbulent fluxes and entropy production rate  
GUNN J., V. FUCHS 

Quasineutral kinetic simulation of a collisionless scrape-off layer  
SARAZIN Y., X. GARBET, V. GRANDGIRARD, P. BERTRAND, N. BESSE, Ph. GHENDRIH, E. 

SONNENDRÜCKER 
Transport and zonal flows in kinetic simulations of slab ITG turbulence  

TAMAIN P., Ph. GHENDRIH, E. TSITRONE, Y. SARAZIN, V. GRANDGIRARD, X. GARBET 
Modelling of particle injection and edge plasma flows: detachment, transport and turbulence 

21st Symposium on Fusion Engineering, KNOXVILLE (Tennessee, USA) 
26/09/2005 - 29/09/2005 
BIBET Ph., B. BEAUMONT, J. BELO, J. BIZARRO, L. DELPECH, A. EKEDAHL, G. GRANUCCI, F. 

KAZARIAN, S. KUZIKOV, X. LITAUDON et al 
ITER LHCD plans and design  

VAN HOUTTE D., S. CIATTAGLIA, B. ANGELINI, M. COX, O. GRUBER, K. KURIHARA, P. PETERSEN, 
M. DE BAAR, P. SONATO 
Availability of present fusion devices  

10th IAEA Technical Meeting on H-mode Physics and Transport Barriers, ST. PETERSBURG (Russia) 
28/09/2005 - 30/09/2005 
LITAUDON X. 

Internal transport barriers: critical issues  
WEISEN H., A. ZABOLOTSKY, M. MASLOV, C. ANGIONI, L. GARZOTTI, C. GIROUD, H. LEGGATE, 

D. MAZON, K. ZASTROW, EFDA-JET TEAM 
Scaling of density peaking in JET H-modes  

Journées accélérateurs SFP, ROSCOFF (France) 
09/10/2005 - 12/10/2005 
VAN HOUTTE D. 

ITER: un projet international pour relever les défis  de la Fusion Thermonucléaire Magnétique 
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Optical Complex Systems 2005, MARSEILLE (France) 
24/10/2005 - 27/10/2005 
DESGRANGES C., M. JOUVE, P. MESSINA, D. GUILHEM, R. MITTEAU, J. MIGOZZI 

Gauging and adjustment of complex optics of infrared endoscopes use in Tore-Surpa magnetic fusion 
device 

DORE P. 
Speckle Interferometry diagnostic for erosion/redeposition measurements in  Tokamaks 

DORE P., E. GAUTHIER 
Speckle Interferometry diagnostic for erosion/redeposition measurements in  tokamaks 

GIL C., D. ELBEZE, J.C. PATTERLINI, J. PHILIP, A. BERAUD, L. TOULOUSE, B. ECHARD 
Implantation of reflected channels for the Tore Supra FIR interfero-polarimeter 

REICHLE R., D. HENRY, J. MIGOZZI, E. THOMAS, C. WALKER 
Conceptual design for spectrally resolving ITER divertor thermography with optical fibres 

47th APS Division of Plasma Phys., DENVER (USA) 
24/10/2005 - 28/10/2005 
FERRON J., P. GOHIL, C. GREENFIELD, J. LOHR, T. LUCE, C. PETTY, M. WADE, T. CASPER, R. 

JAYAKUMAR, M. MAKOWSKI, M. MURAKAMI, D. MAZON 
Feedback control of the safety factor profile evolution in DIII-D advanced tokamak discharges 

9th IAEA TM on Energetic in Particles in Magnetic Confinement Systems, TAKAYAMA (Japan) 
09/11/2005 - 11/11/2005 
ERIKSSON L.G., M. MAYORAL, O. SAUTER, R. BUTTERY, S. CODA, D. MCDONALD, T. HELLSTEN, 

T. JOHNSON, M. MANTSINEN, A. MUECK, J. NOTERDAEME, P. DEVRIES, E. WESTERHOF 
On ion cyclotron Current Drive for sawtooth control  

Coordination Committee for Neutral Beams 2005, RINGBERG (Germany) 
21/11/2005 - 23/11/2005 
HEMSWORTH R. 

Power load on the neutraliser leading  
6ème Colloque Int. 2005 Methodes et Tech. Optiques pour l'Industrie, MARSEILLE (France)  
21/11/2005 - 25/11/2005 
CISMONDI F. 

Étude méthodologique de tests non destructifs des liaisons Composite Fibres de Carbone/Cuivre par 
thermographie infra-rouge  

DORE P., E. GAUTHIER, J. LAYET 
Étude de l'érosion des composants face au plasma par interférométrie Speckle:  Influence des vibrations 

12th International Conference on Fusion Reactor Materials, SANTA BARBARA (USA)  
04/12/2005 - 09/12/2005 
DUROCHER A., D. AYRAULT, C. CHAGNOT, M. LIPA, W. SAIKALI 

CuCrZr alloys hot cracking during Electron Beam Welding  
MISSIRLIAN M., F. ESCOURBIAC, M. MEROLA, A. DUROCHER, I. BOBIN-VASTRA, B. SCHEDLER 

Damage evaluation under thermal fatigue of a vertical component for ITER divertor 
15th International Toki Conference, TOKI (Japan) 
06/12/2005 - 09/12/2005 
VAN HOUTTE D. 

Fully non-inductive steady-state operation in the superconducting Tore Supra tokamak 
ITER Opportunities for European Industry, BARCELONE  (Espagne) 
13/12/2005 - 14/12/2005 
GARIN P. 

The ITER site and infrastructure at Cadarache  
Journées Scientifiques du Groupe Français d'Etude des Carbones, GIENS (France) 
03/04/2006 - 06/04/2006 
BERNIER N., F. BOCQUET, W. SAIKALY, C. BROSSET, J. THIBAULT, A. CHARAÏ 

Etude relativiste de l'influence des paramètres expérimentaux sur un spectre EELS du graphite au seuil K 
du carbone 

2006 Transport Task Force Meeting, MYRTLE BEACH, South Carolina (USA) 
04/04/2006 - 07/04/2006 
CLAIRET F., C. BOURDELLE, G.T. HOANG, T. ANIEL, C. FENZI, F. IMBEAUX, R. SABOT, J.L. SEGUI, 

A. SIRINELLI 
Turbulent particle transport studies in Tore Supra  

DUBUIT N., X. GARBET, R. GUIRLET, T. PARISOT, C. BOURDELLE 
Fluid simulations of turbulent impurity transport  
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2ème Journée Nationale des Doctorants en Thermique, PERPIGNAN (France) 
07/04/2006 - 07/04/2006 
CISMONDI F. 

Etude méthodologique des tests non destructifs par thermographie de liaisons Carbone Cuivre pour des 
composants à haut flux thermique  

9th ITPA Steady State Operation Topical Group Meeting, NAKA (Japon) 
10/04/2006 - 13/04/2006 
MOREAU D., M. ARIOLA, D. MAZON, R. ALBANESE, G. AMBROSINO, V. CORDOLIANI, G. DE 

TOMMASI, G. DE TOMMASI, R. FELTON, L. LABORDE, F. PICCOLO, A. PIRONTI, R. SARTORI, 
T. TALA, F. VILLONE, L. ZABEO, JET TEAM 
New dynamic-model approach for simultaneaous control of distributed magnetic and kinetic parameters 
in JET 

2006 International Sherwood Fusion Theory Conference, DALLAS (USA) 
22/04/2006 - 25/04/2006 
CZARNY O., G. HUYSMANS 

Bicubic Bezier patches and finite element method for non-linear MHD codes  
IXème Congrès de la division Plasmas de la Société Française de Physique, NANCY (France) 
02/05/2006 - 05/05/2006 
COMMAUX N., A. GERAUD, B. PEGOURIE, F. CLAIRET, C. GIL, G. GROS, J. GUNN, E. JOFFRIN, P. 

HERTOUT 
Expériences à densité supérieure à la limite de Greenwald par injection de glaçons 

CZARNY O., G. HUYSMANS 
Surfaces de Bezier et methode d'elements finis pour la MHD non lineaire  

DIF-PRADALIER G., V. GRANDGIRARD, Y. SARAZIN, X. GARBET, Ph. GHENDRIH 
Equilibre et invariants: simulations 5D gyrocinetiques  

SAOUTIC B. 
Motivations et défis pour ITER aspects scientifiques et technologiques 

16th Topical Conference on High-Temperature Plasma Diagnostics, WILLIAMSBURG (USA)  
07/05/2006 - 11/05/2006 
GERBAUD A., F. CLAIRET, S. HEURAUX, G. LECLERT, L. VERMARE, A. SIRINELLI, R. SABOT 

Comparison of density fluctuations measurement between O-mode and X-mode reflectometry on Tore 
Supra. 

LOTTE Ph., B. ECHARD, W. HESS, J.B. MIGOZZI 
Design of the Tore Supra Motional Stark Effect diagnostic  

14th Joint Workshop on Electron Cyclotron Emission and Resonant Heating, SANTORINI (Greece) 
09/05/2006 - 12/05/2006 
DECKER J., A. RAM, Y. PEYSSON 

Current Drive by electron Bernstein waves  
DUMONT R., F. TURCO, G. GIRUZZI, F. BOUQUEY, C. DARBOS, M. LENNHOLM, R. MAGNE, TORE 

SUPRA TEAM 
Localized current perturbations by ECCD on Tore Supra  

SEGUI J.L., D. MOLINA, F. SAINT-LAURENT, N. RAVENEL, G. CAULIER, M. GONICHE, D. MAZON 
Realistic real time ECE electron temperature profile measurements on the TORE-SUPRA Tokamak 

8èmes Journées de Cryogénie et de Supraconductivité, AUSSOIS (France) 
16/05/2006 - 19/05/2006 
VAN HOUTTE D. 

Le Projet International ITER: objectifs, enjeux et organisation  
Conférence Société Française de Thermique, ILE DE RÉ (France) 
16/05/2006 - 19/05/2006 
CISMONDI F., F. RIGOLLET, C. JAUFFRET, B. XERRI, J. SCHLOSSER 

Contrôle par thermographie infrarouge de composants face au plasma identification de la résistance 
thermique de contact dans l'espace de Laplace 

CORRE Y., C. LE NILIOT, J. GARDAREIN, F. RIGOLLET, T. HELLNER, M. POYET, P. ANDREW, E. 
GAUTHIER 
Calcul inverse du flux de chaleur dans le tokamak JET par méthode de retour vers la surface : approche 
1D non-linéaire  

GARDAREIN J., F. RIGOLLET, Y. CORRE, C. LE NILIOT, R. REICHLE 
Reconstruction de la forme du flux incident sur les composants face au plasma du tokamak JET : 
approche 2D linéaire 
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GROSMAN A., Ph. MAGAUD 
Les défis thermiques pour ITER et la fusion thermonucléaire par confinement magnétiques 

13th International Congress on Plasma Phys., KIEV (Ukraine) 
22/05/2006 - 26/05/2006 
ARTAUD J.F., V. BASIUK, G. GIRUZZI, M. SCHNEIDER, F. IMBEAUX et al 

Integrated modelling of burning plasmas in ITER  
BEYER P, S. BENKADDA, G. FUHR CHAUDIER, X. GARBET, Ph. GHENDRIH, Y. SARAZIN 

Relaxation oscillations and transport barriers dynamics in tokamak edge plasmas 
CIRAOLO G., Ph. GHENDRIH, C. CHANDRE, R. LIMA, M. VITTOT, M. PETTINI, F. DOVEIL 

Control of chaotic transport and applications to plasma confinement  
HEURAUX S., F. CLAIRET, P. HENNEQUIN, C. HONORÉ, G. LECLERT, R. SABOT, F. DA SILVA, A. 

SIRINELLI, L. VERMARE 
Reflectometry capabilities for the density fluctuation measurements in magnetized plasmas illustrated by 
Tore Supra measurements. 

IMBEAUX F. 
Profile databases and their application to DEMO  

JOFFRIN E. 
Extension of the operational domain of the “hybrid” scenario  

17th Int. Conf. on Plasma Surface Interaction, HEFEI (China) 
22/05/2006 - 26/05/2006 
BROSSET C., C. DESGRANGES, H. KHODJA, R. REICHLE, R. MITTEAU, E. TSITRONE, N. BERNIER, 

F. BOCQUET, C. MARTIN, M. RICHOU, P. ROUBIN, W. SAIKALY 
Deuterium inventory in deposited carbon layers in Tore Supra  

BUCALOSSI J., C. BROSSET, B. PEGOURIE, E. TSITRONE, E. DUFOUR, A. EKEDAHL, A. GERAUD, M. 
GONICHE, J. GUNN, T. LOARER, P. MONIER-GARBET, J.C. VALLET, S. VARTANIAN 
Deuterium in-vessel retention characterisation through the use of particle balance on TORE SUPRA 

CIRAOLO G., Ph. GHENDRIH, Y. SARAZIN, C. CHANDRE, R. LIMA, M. VITTOT, M. PETTINI 
Control of turbulent transport in the Scrape Off Layer  

COLAS L., J. GUNN, I. NANOBASHVILI, V. PETRZILKA, M. GONICHE, A. EKEDAHL, S. HEURAUX, E. 
JOFFRIN, F. SAINT-LAURENT, C. BALORIN, C. LOWRY, V. BASIUK 
2-D mapping of ICRF-induced SOL perturbations in Tore Supra tokamak  

DORE P., E. GAUTHIER 
Speckle interferometry: a diagnostic for erosion-redeposition measurements in fusion devices 

EKEDAHL A., M. GONICHE, B. BALORIN, V. BASIUK, Ph. BIBET, M. CHANTANT, L. COLAS, L. 
DELPECH, L.G. ERIKSSON, E. JOFFRIN, F. KAZARIAN, C. LOWRY, P. MOREAU, V. 
PETRZILKA, C. PORTAFAIX, M. PROU, H. ROCHE 
Thermal and non-thermal particle interaction with the LHCD launchers in Tore Supra 

GAUTHIER E., P. ANDREW, G. ARNOUX, Y. CORRE, H. ROCHE, JET TEAM 
Heat load deposition on the main chamber in JET during ELMs  

GHENDRIH Ph., Y. SARAZIN, G. CIRAOLO, G. DARMET, X. GARBET, V. GRANDGIRARD, P. TAMAIN 
Turbulence spreading in the SOL  

GRISOLIA C., A. SEMEROK, F. LE GUERN, F. BRYGO, P. COAD, N. BEKRIS, M. STAMP, S. 
ROSANVALLON, G. PIAZZA 
Treatment of ITER Plasma Facing Components: current status & remaining work  

GRISOLIA C., A. SEMEROK, J. WEULERSSE, F. LE GUERN, S. FOMICHEV, F. BRYGO, P. FICHET, P. 
THRO, P. COAD, N. BEKRIS, M. STAMP, S. ROSANVALLON, G. PIAZZA 
In situ ITER laser applications for detritiation and co-deposited layers studies  

GUNN J., C. BOUCHER, M. DIONNE, I. DURAN, V. FUCHS, T. LOARER, I. NANOBASHVILI, R. 
PANEK, J.Y. PASCAL, F. SAINT-LAURENT, J. STÖCKEL, T. VAN ROMPUY, R. ZAGORSKI, J. 
ADAMEK, J. BUCALOSSI, R. DEJARNAC, P. DEVYNCK, P. HERTOUT, M. HRON, P. MOREAU, 
F. RIMINI, A. SARKISSIAN, G. VAN OOST 
Evidence for a poloidally localized enhancement of radial transport in the scrape-off layer of the Tore 
Supra tokamak 

LITNOVSKY A., P. WIENHOLD, V. PHILIPPS, G. SERGIENKO, O. SCHMITZ, A. KIRSCHNER, A. 
KRETER, S. DROSTE, U. SAMM, P. MERTENS, A. DONNÉ, D. RUDAKOV, S. ALLEN, R. BOIVIN, 
A. MCLEAN, P. STANGEBY, W. WEST, C. WONG, M. LIPA, B. SCHUNKE et al 
Diagnostic mirrors for ITER: a material choice and an impact of erosion and deposition on their 
performance 
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LOARER L., F. BRYGO, E. GAUTHIER, C. GRISOLIA, F. LEGUERN, A. MURARI, H. ROCHE, A. 
SEMEROK 
Surface temperature measurements by means of pulsed photothermal effects in fusion devices 

MITTEAU R., J. SPRUYTTE, S. VALLET, J.M. TRAVERE, D. GUILHEM, C. BROSSET 
Mapping of hard carbon deposit on the surface of the toroidal limiter of Tore Supra using infrared 
thermography 

NANOBASHVILI I., J. GUNN, P. DEVYNCK 
Radial profiles of plasma turbulence in the scrape-off layer of the Tore Supra tokamak 

NARDON E., M. BECOULET, G. HUYSMANS, O. CZARNY, P. THOMAS, M. LIPA, R. MOYER, T. 
EVANS, G. FEDERICI, Y. GRIBOV, A. POLEVOI, G. SAIBENE, A. PORTONE, A. LOARTE 
ELMs Control with Resonant Magnetic Perturbation  

REICHLE R., B. BRICHARD, F. ESCOURBIAC, J. GARDAREIN, D. HERNANDEZ, C. LE NILIOT, F. 
RIGOLLET, J. SERRA 
Experimental developments towards an ITER thermography diagnostic  

TAMAIN P., E. TSITRONE, Ph. GHENDRIH, J. GUNN, F. CLAIRET, J. BUCALOSSI, B. PEGOURIE 
Modelling of particle injection: dynamic behaviour of thermal bifurcations  

TSITRONE E. 
Key plasma wall interactions issues towards steady state operation  

Coordination Committee for Neutral Beams 2006, CADARACHE (France) 
23/05/2006 - 24/05/2006 
DE ESCH E. 

Beam Halos in caesiated negative ion operation  
DE ESCH E. 

Deflection of stripped electrons  
DE ESCH E. 

Effect of displacement of the apertures in the extraction and pre-acceleration grids 
SIMONIN A. 

NBI R&D program at DRFC  
SIMONIN A., M. GARIBALDI 

Experimental results of the Cybele ion source  
VILLECROZE F. 

First considerations for a proposed study of deconditioning in long gaps  
4th Data Validation Workshop "VALIDATION IV", JULICH  (Allemagne) 
29/05/2006 - 31/05/2006 
CARPENTIER S., Y. CORRE, J. GARDAREIN, C. LE NILIOT, F. RIGOLLET, M. CHANTANT, G. 

DUNAND, J.M. TRAVERE 
Validation and coherence between heat flux calculation using IR and calorimeters measurements in the 
Tore Supra tokamak 

DUFOUR E., J. GUNN, P. MONIER-GARBET, Y. CORRE, J. HOGAN, B. PEGOURIE 
Coherence between particle flux calculation from Hα and Langmuir probe measurements 

FENZI C. 
Up-date on data validation / integration in Tore Supra  

GARDAREIN J., Y. CORRE, C. LE NILIOT, F. RIGOLLET 
Coherence between heat flux calculation using IR and thermocouple measurements in the Tore Supra 
tokamak  

SCHUNKE B., R. GUIRLET, J.F. ARTAUD, F. IMBEAUX, C. BALORIN, O. MEYER, P. MONIER-
GARBET, J.C. VALLET, P. ODDON 
The role of data coherence in the analysis of impurity behaviour in Tore Supra  

E-MRS-IUMRS-ICEM 06, NICE (France)  
29/05/2006 - 02/06/2006 
MAGAUD Ph., P. MONIER-GARBET, J.M. TRAVERE, A. GROSMAN 

Actively cooled plasma facing components in Tore Supra: from material and design  
33rd EPS Conference on Plasma Physics, ROMA (Italy) 
19/06/2006 - 23/06/2006 
BASIUK V., J.F. ARTAUD, A. BECOULET, F. IMBEAUX, X. LITAUDON, Y. PEYSSON, M. SCHNEIDER 

Modelling of an advanced scenario on ITER with CRONOS  
CIRAOLO G., Ph. GHENDRIH, G. DARMET, Y. SARAZIN, P. TAMAIN 

Spreading in transport barriers and transport scaling laws of edge plasma turbulence 
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COMMAUX N., A. GERAUD, B. PEGOURIE, F. CLAIRET, C. GIL, G. GROS, E. JOFFRIN, J. GUNN, P. 
HERTOUT 
Recent pellet fuelling experiments above Greenwald density in Tore Supra  

DECKER J., Y. PEYSSON 
On self-consistent simulation of the Lower Hybrid Current Drive  

DEVYNCK P., I. NANOBASHVILI, J. GUNN 
Behaviour of SOL turbulence at high density  

ELBEZE D., C. GIL, F. IMBEAUX 
Application of the upgraded Tore Supra polarimeter to current profile validation  

GUIRLET R., C. ANGIONI, C. BOURDELLE, L. CARRARO, N. DUBUIT, R. DUX, X. GARBET, C. 
GIROUD, G.T. HOANG, T. PARISOT, M.E. PUIATTI, P. STRAND, P. THOMAS, H. WEISEN, K. 
ZASTROW 
Parametric dependences of impurity transport in tokamaks  

HUYSMANS G, L. APPEL, A. BECOULET, B. GUILLERMINET, C. KONZ, H. LEGGATE, J. LISTER, H. 
LUTJENS, P. MC CARTHY, F. NAVE, O. SAUTER, E. SOLANO, P. STRAND, E. STRUMBERGER, 
L. VILLARD, W. ZWINGMANN 
Integrated tokamak modelling Task Force: The integrated modelling project on equilibrium and linear 
MHD stability 

MAGET P., H. LUTJENS, G. HUYSMANS, X. GARBET, S. LUCIANI, M. OTTAVIANI 
Non-linear simulation of double-tearing modes in fully non-inductive discharges  

MAZON D., V. BASIUK, Y. PEYSSON, M. ARIOLA, J.F. ARTAUD, O. BARANA, C. BOURDELLE, G. 
CALABRO, L. DELPECH, A. EKEDAHL, D. GARNIER, M. GONICHE, R. GUIRLET, P. HERTOUT, 
F. IMBEAUX, E. JOFFRIN, M. JOUVE, F. KAZARIAN, L. LABORDE, G. LOMBARD, P. MAGET, P. 
MOLLARD, D. MOLINA, P. MOREAU, F. RIMINI, F. SAINT-LAURENT, J.M. TRAVERE 
New real-time profile controls for steady state operation in Tore Supra  

NANOBASHVILI I., J. GUNN, P. DEVYNCK 
Bursty radial transport events and their influence on scrape-off layer width in the Tore Supra tokamak 

PARISOT T., R. GUIRLET, L. GODBERT-MOURET, N. DUBUIT, X. GARBET, C. BOURDELLE, A. 
SIRINELLI 
Charge and density dependences of anomalous impurity transport in the Tore Supra tokamak 

PETRZILKA V., G. CORRIGAN, V.V. PARAIL, K. ERENTS, M. GONICHE, A. EKEDAHL, J. MAILLOUX, 
J. SPENCE, JET TEAM 
SOL ionization by the LH wave during gas puffing  

PETRZILKA V., J. GUNN, M. GONICHE, A. EKEDAHL, E. GAUTHIER, J. MAILLOUX, J.Y. PASCAL, F. 
ZACEK 
Energy distribution measurements of fast particles generated in front of the LH grill mouth in Tore Supra 

RIMINI F., G. SAIBENE, A. BECOULET, J. HOBIRK, P. LOMAS, D. MCDONALD, G. SAIBENE, JET 
TEAM 
High bpol experiments at high triangularity in JET  

SABOT R., F. CLAIRET, G. CONWAY, G. FALCHETTO, X. GARBET, T. GERBAUD, S. HACQUIN, P. 
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