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SUMMARY 
 

 

During the year 2008 and in the frame of the European Programme of research on 

controlled fusion, the Euratom-CEA Association has pursued vigorous developments in 

different areas in which it possess key competences, with particular emphasis on the physics 

and technology of long duration, high injected power discharges. 

 

The 2008 experimental campaign on Tore Supra has been especially fruitful with the 

completion of multi-annual programmes bringing important answer, notably on operational 

aspects of long duration discharges: 

• In the frame of the "Deuterium Inventory on Tore Supra" (DITS) project, the 

analysis of a first set of the samples, taken after the specific long duration 

discharges campaign conducted in 2007, allowed a considerable progress in the 

comprehension of hydrogen isotopes retention in an environment of plasma facing 

components (PFC) with carbon based armour material. Solving the discrepancy (of 

the order of 10) between post-mortem and particle balance analysis, it was possible 

to conclude that 90% of the deuterium is trapped in redeposited carbon layers (see 

Figure 1). 
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Figure 1: contribution of the different zones (erosion, thin deposits, thick 
deposits) to the overall wall inventory (in g of D) deduced from post mortem 
analysis, with corresponding error bars. For each zone, the contribution of the 
gap deposits and the tile is indicated 
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• During the DITS specific long duration discharges campaign, a growing concern 

had been the increasing difficulty for coupling heating power to the plasma, with a 

correlated increase of the number of disruptions. Analysis of the disruptions, 

observed during the 2005-2006 high injected power campaign and the 2007 DITS 

campaign, strongly suggested that such behaviour was caused by the overheating 

of carbon redeposited layers that are badly thermally connected to the actively 

cooled PFC. In order to ascertain this hypothesis, an extensive cleaning of the PFC 

of Tore Supra was conducted during the 2008 winter shutdown, in which 800 

grams of carbonaceous materials were scraped off. At the plasma restart, it was 

particularly easy to increase the coupled power up to the record level (for Tore 

Supra) of 12 MW without the occurrence of any disruption (see Figure 2), a very 

encouraging result in view of the ongoing lower hybrid current drive power 

(LHCD) upgrade (CIMES project).  

 

 
Figure 2: Left: injected power versus number of pulses for two plasma restart 
campaigns: Before cleaning (2006) and after cleaning (2008). Right: time 
evolution of plasma parameters in the highest power discharges obtained in 2008, 
with close to 12MW during 10s. 

 

• Taking advantage of the long pulse capability of Tore Supra, integrated scenarios 

have been developed with real time control of the stationary states of the current 

profile. This includes control of fast ion stabilized sawteeth, transition and 

sustainment of hot core plasma without MHD activity and recovery from a 

voluntary triggered deleterious MHD regime. Figure 3 displays such controls. 
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Figure 3: plasma real time control of the hot core phase and MHD activity with 
non-monotonic q-profile (with qmin~3/2). Tore Supra #42843. Time evolution of 
the core electron temperature (Teo), ICRH and LHCD powers, requested and 
measured plasma states. 

 
Besides these highlights, a substantial experimental programme has been conducted on 

Tore Supra, notably on: 

• MHD stability of long duration discharges, 

• MHD activities driven by fast particles with the characterization of the modes 

structure and excitation threshold of β Alven eigenmode (see Figure 4) and 

electron fishbones, 

 

Figure 4: Threshold for the excitation of BAE modes on Tore Supra 
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• Scaling laws of turbulent transport with, for the first time, comparison between the 

measured turbulence spectra and the one simulated by the gyrokinetic global / full 

distribution code GYSELA (see Figure 5),  

 

 
Figure 5: Comparison of measured and simulated spectra. 

 

• Wall conditioning in the presence of a permanent magnetic field using Ion 

Cyclotron Resonant Heating (ICRH), 

• Characterization of the scrape of layer plasma with simultaneous measurement of 

the electron and ion temperature (see Figure 6), 

 

 
Figure 6: Radial profiles of SOL Ti and Te measured for a broad range of plasma 
central-line-averaged densities and radiated power fractions. Last two columns 
show Ti and Te measured in detached plasma. 

 
• Disruption mitigation studies with comparison of massive injection of different 

noble gas. 
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Concerning JET, the participation of the Euratom-CEA Association has remained high 

with involvement in the Close Support Unit, the JET Operation Contract and the scientific 

exploitation. Regarding the scientific exploitation of JET, the Association concentrates its 

participation on the subject with strong synergism with its specific competences. Particular 

efforts have been devoted to: 

• Hydrogen isotopes retention studies, 

• Advanced scenarios studies such as JT60-JET physics identity experiments in ITB 

regimes, high triangularity hybrid confinement optimisation, development of 

steady-sate scenarios at high βN and confinement, 

• Commissioning of the ITER-like ICRH antenna, 

• High power level commissioning of the LHCD antenna and long distance coupling 

studies (see Figure 7). 

 
Figure 7: high level commissioning of the JET LHCD antenna. 

 
A strong involvement in enhancement projects has also to be noted with the successful 

commissioning on plasma of the fast pellet injector for ELMs mitigation (see Figure 8), the 

procurement of 3 reflectometers (V-, W- and D-bands), tests of interferometer electronics for 

fringe jumps correction, and participation to the ITER-like wall project, trough detachment of 

key experts to the operator as well as Beryllium tiles modelling. 
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Figure 8: fast pellet injector installed on JET. 

 

 

Figure 9: the temperature profile perturbed by a ballooning mode leading to multiple stripes 
at the divertor target. 

 
Regarding plasma theory and modelling, the global / full distribution function 

gyrokinetic code GYSELA has been upgraded with the inclusion of ion-ion collisions, 

through a reduced Fokker-Planck collision operator and with a heat source. These 

modifications allow exploring more realistic tokamak turbulence regimes. The non-linear 

MHD code JOREK has been applied to the simulation of the evolution of ballooning modes 

driven unstable by the large pressure gradient in the H-mode edge pedestal (see Figure 9). The 

reduced MHD model currently implemented has been extended to include the parallel flow 

velocity. Edge modelling has focused on the study of control of ELMs by resonant magnetic 
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perturbation (RMP), in particular on the response to RMP of a MHD rotating plasma that 

could change significantly the RMP penetration into the plasma (see Figure 10). Concerning 

integrated modelling, the development of the CRONOS code suite has been carried on, with 

particular emphasis on increasing its reliability and international coverage. This year, 

CRONOS has been extensively used to investigate steady-state scenarios for ITER and 

DEMO. Finally, he participation to the Integrated Modelling Task Force remains a high 

priority of the Association with 6 Project Leaders or Deputies and a Deputy Task Force 

Leader. 

 

 
Figure 10: poloidal spectrum of magnetic perturbation strength in Hamada flux coordinates 

for ITER coils (n=4,50kAt). 

 
 
 On the technological side, the LHCD power upgrade project for Tore Supra (CIMES 

project) has considerably progressed. The prototyping phase is now completed: the 

manufacturing of the first series of nine klystrons is progressing satisfactorily and the first 

five klystrons have passed their factory acceptance tests at the end of 2008. All components 

(wave guide, mode converter, passive active multijunction (PAM) modules) necessary for 

assembling the actively cooled PAM antenna are now in house (see Figure 11). The PAM 

launcher and the first half (8 klystrons) of the LHCD emitter should be operational on Tore 

Supra for the 2009 autumn campaign. 
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Figure 11: the top (left) and bottom (right) banks of the PAM modules after final machining 

 

 Most of the technological developments carried out by the Association concentrates on 

key domains that apply to ITER: 

• Various studies have been conducted to characterize, qualify and prepare the 

procurements of the superconducting conductors for ITER. Analyses of the 

cryoplant operation modes have also been performed. 

• Activities on actively cooled PFC have concentrated on the definition of 

acceptance criteria using samples manufactured with calibrated defects (see Figure 

12). Such studies have been particularly useful for testing, by transient infrared 

thermography (SATIR) technique, high heat flux units manufactured by European 

industries in the frame of the prequalification phase for the ITER critical 

procurement packages. 

 
Figure 12: projection of the DTref_max cartographies of the analysed 
monoblocks at the CFC/Cu interface to define the defect position θ and length L 

 

• Concerning heating and current drive systems, mechanical studies have been 

initiated for the ICRH antenna for ITER, in the frame of the CYCLE agreement. 

The use of innovative materials (composite, meta-materials) has been investigated 
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for simulating plasma load on ICRH test beds. Following the assessment made in 

2007 for a "day 1" LHCD system on ITER, the design phase is being prepared in 

view of an EFDA task that should be initiated in 2009. Activities on neutral beam 

injection have concentrated on fundamental aspects of negative ions production 

through modelling as well as experiments with new diagnostics as cavity ring 

down spectroscopy. 

• Regarding diagnostics, activities have ranged from design studies for ITER, as for 

the visible infrared wide angle viewing system and its integration in the equatorial 

port plug 1, to test of innovative measurement techniques on Tore Supra with the 

experimental validation of fibre optic current sensors (see Figure 13), insensitive to 

electronic integrator drifts, that could complement for ITER classical inductive 

magnetic sensors. 

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

Plasma current (MA)

Fa
ra

da
y 

ro
ta

tio
n 
β

(r
ad

)

Transmission
Reflection

TS#43103,TS#43031, 43032, 43035, 43036

 
Figure 13: Faraday rotation versus plasma current for the transmission (green) 

and reflection (blue) operation modes of fiber optic current sensors  

 

Still on the technology side, one highlight in 2008 was the qualification of an 8 meter 

long multipurpose carrier prototype, the articulated inspection arm (AIA). After baking at 

200°C, the AIA, equipped with its vision system, was fully deployed in the Tore Supra vessel 

under ultra high vacuum (1.4 10-5Pa) and high temperature (120°C) conditions, a world first 

of its kind performance (see Figure 14). Following the AIA deployment, no degradation of the 

vacuum vessel conditioning was detected and plasma operation restarted without needing any 

additional conditioning. The AIA design is compatible with a complete close inspection of 

one sixth of ITER plasma vessel. 
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Figure 14: the robot and the vision diagnostic operation inside Tore Supra vessel at 120°C 

and 1.4 10-5 Pa 

 

Outside the scope of the Euratom-CEA contract of association, a strong activity has 

been conducted in the frame of the broader approach agreement between Japan and Europe: 

• CEA has been strongly involved in the redesigning of the JT-60SA project aiming 

at a significant cost decrease. In this framework, the EU packages partially (9 out 

of 18 Toroidal Field (TF) magnets, Power supplies) or fully (cryoplant) dedicated 

to CEA were considerably optimised. Besides, a new package was added in CEA 

responsibility perimeter, the TF cold tests facility, while the 140 GHz gyrotron 

procurement package was cancelled due to the project decision to postpone the 

ECRH installation. 

• Concerning the Engineering Validation and Engineering Design Activities of the 

International Fusion Materials Irradiation Facility (IFMIF-EVEDA), CEA 

contributes to the project team, located in Rokkasho, Japan and is involved (Irfu, in 

Saclay) in the accelerator by ensuring the European coordination and the delivery 

of major systems for the accelerator prototype. In 2008, the main activities of the 

project have been focused on the prototypes and the engineering design of the Test 

Cell. 

• Concerning the highly parallelised computer, called IFERC-CSC, CEA 

participates into this project via the IFERC Special Working Group number 1 that 
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is preparing the benchmarking process for the procurement phase. A set of high-

level benchmark codes, which are to be sent to the bidders for answering the call 

for procurement, has been selected. 

 

The Euratom-CEA Association is still strongly involved in collaborative activities at 

international level as well as at national level. Among Euratom Associations, there is an 

important activity with the 3 German Associations totalizing 9 active topics, and with the 

Czech Association IPP, with scientific work on 4 topics. Collaboration with other associations 

is not less active, and 26 collaborations are reported from 11 different countries. Outside the 

European Union, the Association have collaboration with almost all ITER partners (except 

Korea). The strong development of collaborative activities with China, observed in 2006-

2007, continues to increase and reaches now a level of 9 topics. Within France the number of 

academic institutions involved in the EFDA fusion programme continues also to increase, in 

the frame of the "Fédération de Recherche sur la Fusion Magnétique". The number of 

involved laboratories reaches now 31 with 50 research projects conducted. 

 

 Overall, 2008 has been a very fruitful year with many achievements on the 

experimental, modelling and technological sides. A key feature of the research conducted by 

the Euratom-CEA Association is the integration of the physical and technological constraints. 

This allows complementarity and cross-fertilization between the various fields necessary to 

progress in magnetic confinement research. Such an approach relies on preserving a good 

balance between fundamental, experimental and project oriented activities, balance that the 

Association intends to maintain in the coming years. 
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