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SUMMARY 

 

1. THE ITER SITE AND BROADER APPROACH DECISION 

 

The last two years have seen many important events for the European and French 

fusion communities; the Département de Recherches sur la Fusion Contrôlée of CEA (DRFC) 

and, more broadly, 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.  

 

Highly qualified and experienced engineers will have to be committed in both 

projects, ITER and Broader Approach, coordinated at the European level, for a duration 

extending from 5 to 10 years or more. For each of these four 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.  
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2. 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 has been 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…). 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 summarized in the present document and reported in the Activity Report for the 

period November 2004 – April 2007 (see accompanying CD).  

 

3. TORE SUPRA 

 

Taking benefit of the heat exhaust capability brought by the successful completion 

of the actively cooled CIEL components, that had allowed 6 minutes duration discharges at 3 

MW injected power level in 2003, 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 through the separatrix (excluding ELMs) on ITER when 
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normalized to relevant reference surfaces. 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 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. Moreover, these current profile 

control feedbacks have been successfully integrated with a real-time infrared safety system (7 

infrared cameras monitoring the five antennas and the toroidal pump limiter), in order to 

maintain the LH and ICRH antennas temperature in the safe domain. Figure 1 shows an 

example of real-time control for a relatively high density (fGreenwald = 0.65), high power 

(PLH+ICRH ~ 6 MW) non-inductive discharge. The LH deposition profile, measured by the hard 

X-ray emission diagnostic (59 detectors distributed in two cameras and 8 energy channels), is 

controlled by the parallel index N// (Figure 1, middle box), while the infrared avoidance limit 

scheme acts on the power of one LH antenna as the temperature reaches the set value of 

700 °C (Figure 1, bottom box). 
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Figure 1 

 

High density discharges, close to the Greenwald density limit, have also been 

produced at high injected power level, up to 10 MW, using minority ICRH as the main 

heating scheme while LHCD and ECCD (at a lower power level) were used to control the 

current density. By carefully dosing the minority concentration, these discharges exhibit a 

central ion temperature close to the electron one. An example of such discharges is shown in 

figure 2. This shot has no sawteeth in its stationary phase, and the reconstruction of the q 

profile (performed by the CRONOS code in the interpretative mode) yields a safety factor 

profile completely above 1. This feature is reminiscent of the hybrid scenarios, but with the 

significant difference that here the q profile is controlled by the LHCD source. 
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Figure 2 

 

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. Figure 3 compares the experimental retention rate in the GigaJoule scenario (6 

minutes discharges) with that estimated from different deuterium trapping mechanisms 

(implantation, bulk diffusion and codeposition). The results seem to point to bulk diffusion as 

a substantial contribution, but additional work is needed to model accurately the experimental 

observations. 

CDmax= 1021 at/m 2

exp

Implantation

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

Impl + bulk diffusion
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Figure 3 

 

Beside long pulse issues, Tore Supra has produced a broad variety of scientific 

results, on shorter pulses, in relation to important issues for ITER. Some of them are recalled 

below.  

Repetitive pellet injection has allowed to work at densities above the Greenwald 

density for durations of several seconds. For example, figure 4 shows a discharge where pellet 

fuelling has resulted in fGreenwald = 1.2 for 6 s, without loss of confinement.  

 

Figure 4 

 

Tore Supra is equipped with a unique reflectometry system. Three X-mode ultra-fast 

sweep heterodyne reflectometers (50 to 150 GHz) measure the electron density profile from 

the outer edge to the high field side and also provide the radial profile of the density 

fluctuations (using either the fixed frequency technique or the fast sweep technique). An O-

mode Doppler reflectometer (50-75 GHz) measures the poloidal velocity and the 

perpendicular wave number spectrum of the density fluctuations. Their unique time and 

spatial resolution allows in depth studies of local transport and of its link with turbulence. 

Two examples of these studies are shown below. 

i/ 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. This 
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pinch results, inside the q = 1 surface, in a progressive peaking of the electron density 

(Figure 5). 

 

Figure 5 

 

ii/ Dedicated β scaling experiments, performed on Tore Supra, have shown that, in L 

mode, the energy confinement is almost independent of the normalized beta. Density 

fluctuations measurements are consistent with this result. Figure 6 shows the fluctuation level 

profiles for two discharges at two β values, 0.5 (blue) and 0.2 (red). 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 estimates. The increase of fluctuation level inside the q = 1 surface 

could be due to a slight mismatch of dimensionless parameters. 

 

Figure 6 
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An interesting information on plasma wall interaction physics has been obtained by 

Mach probes measurements of the flows in the scrape-off layer by changing the contact point 

of the plasma (Figure 7). The results show an outflux mostly injected across the outboard 

midplane and then flowing along the magnetic lines in the SOL. It has been estimated that the 

region of enhanced radial transport is limited to a sector approximately 30° in poloidal extent, 

centred near the outboard midplane.  

 

Figure 7 

 

Amongst many others, the above experimental results are described in the 

accompanying CD. 

 

The CIMES project of enhancement of the LH power (eighteen 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 manufacturing of these components suffered several delays 

due to difficulties for industry to deliver key items. These difficulties originate from the high 

technological character of the procurements and particularly from the constraints associated to 

long pulse cooling. Most difficulties are now mastered and a delivery date in 2009 is 

expected.  

 

4. 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 
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involved about 30 scientists over shorter periods. An example of experiments in which the 

Association has played an important role is shown in Figure 8, concerning the mitigation of 

Edge Localized Modes (ELMs) by neon injection. 
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Figure 8 

 

The installation of a new high frequency pellet injector is managed by the 

Association and an IR camera has been built under the Association responsibility. 

Participation in an 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 have been put on hold. Association 

staff has been and still is responsible for Task Forces at JET on a regular basis.  

 

 

5. PLASMA THEORY AND MODELLING 

 

In this domain, the Department has had a very active attitude by increasing internal 

forces, by making specific 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. As 

an example of the results of these simulations, Figure 9 shows two 3D plots of the 
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electrostatic potential, with zonal flows (right) and with the zonal flows artificially quenched 

(left), demonstrating the beneficial effect of zonal flows for reducing the size of the turbulent 

cells. It is also worth noting progress in non-linear MHD modelling with the JOREK code, its 

unique features allowing extensive modelling of ELMs physics. The ITM activities have been 

led by the French Association from 2004 until 2006 and then taken over by the Swedish 

Association. 

 

Figure 9 

 

6. TECHNOLOGY 

 

DRFC 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 control at the fabrication level (IR test stand) and operation level (in situ IR 

imaging). The versatile thermographic test facility, SATIR, has undergone a number of 

improvements and its results are coherent with those of the tests performed at the lees flexible 

FE200 electron beam high heat flux facility (Figure 10). Since this non-destructive 

measurement technique was chosen by ITER as the reference technique for all the divertor 

elements, the facility was recently further improved (SATIR-ITER), mainly with regard to its 
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detection sensitivity and the optimisation of the control times (Figure 11). This facility will be 

used to define the acceptance criteria for W7-X elements, as well as to qualify the first 

prototypes of the ITER divertor. 
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Figure 10 

 

 

 

Figure 11 

 

 

The Department also participates in Tore Supra and JET antenna design for both 

ICRH and LH systems as well as in the 2007 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. 
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7. 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 with 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 impact our involvement in these programmes.  

 

8. CONCLUSIONS 

 

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 in the 

frame of 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 

will be for some more years) the only tokamak capable of running long duration, 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 growing effort for fusion, and particularly ITER and the Broader Approach.  
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