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A2
IEA Cooperation Among Large Tokamak Facilities

Reports and Plan on Task Assignment Programmes (June 2006 - May 2007)

Task 1: Transport and ITB Physics
Collaborative work on ITPA-IEA joint experiments was performed.
In study on steady-state scenario (TP-1), high N ITBs scenario has been developed in JET at 2.3T/1.5MA with ELM control using neon/deuterium injection, where ion and electron ITBs have been formed at N~2.9 close to the ideal no-wall limits.

In the experiments on hybrid scenario (TP-2), operation regions have been extended to lower q95 (down to 2.7), higher beta (up to 3.6, above no-wall limit), higher density (up to Greenwald density), and longer duration (up to 20 s) in JET.
ITB degradation with ECRF electron heating (TP-3) was studied with newly installed fast sampling (5ms) CXRS in JT-60U weak positive shear plasmas, where plasma current and deposition location of ECRF was changed.

On low momentum effects on transport (TP-4.2), degradation of electron ITB was observed by changing the toroidal rotation from co- to counter-direction in JT-60U high p H-mode plasmas. In DIII-D hybrid scenario plasmas, the confinement has been reduced by 10-30% due to reduction of ExB shear when the toroidal torque was reduced. Experiments were carried out on JET to create ITBs using dominant ICRH in a 3He minority ion heating scheme with a shear-reversed q-profile. The toroidal torque applied to the plasma was varied, while keeping the ion heating power constant by varying the mixture of heating powers, ICRH (6–0MW) and NBI (1.5–7 MW). The toroidal rotation varied from 10–60 kRad/s with no degradation of the ITB at low rotation speeds. MSE measurements of the q-profile indicate that ITBs are triggered when the q-minimum point crosses an integer (qmin=3 and qmin=2). 
In QH mode study (TP-5), the transition from QH-mode to ELMing and vice versa was found at the same pedestal toroidal rotation value in JT-60U, which appears to indicate a lack of hysterisis in this quantity.
In spontaneous plasma rotation study (TP-6.1), toroidal rotation to the co-direction was measured in JT-60U EC heated ELMy H-mode plasmas without NB injection except beam blip. The observed rotation speed was similar to the scaling obtained from the results in other devices including Alcator C-MOD and DIII-D.

In JT-60U/JET ITB similarity experiment (TP-8.3), a series of experiments has been carried out analysing the effect of TF ripple on ITBs in JET. At larger TF ripple amplitude the outer part of the plasma was found to rotate in counter direction, while in the core rotation in co-direction remained. The initial formation of an ITB was observed in all discharges with reversed shear, though in discharges with larger TF ripple (>0.5%) only weak ITBs formed (*T<0.02). The formation of ITBs in low positive shear discharges was found to be more difficult for higher TF ripple values.
In study on rational q effects on ITB formation and expansion (TP-8.2), reduction of turbulent fluctuation levels was observed near integer qmin in balanced NBI case as well as in co NBI case in DIII-D. However, strong TAE modes just before integer qmin, observed in co NBI case, were absent in balanced NBI case.

There was one US to EU and one US to JA personnel exchange in this task. W.A. Houlberg of ORNL visited JET for the transport modeling of JET plasmas. He completed development of a set of equations for the bulk toroidal rotation and radial electric field in a multiple species axisymmetric toroidal plasma. These were summarized in a brief report, and implemented in the JETTO code for analysis of rotation in JET. P. Gohil of GA visited JT-60U to participate in QH-mode experiments (TP-5).
Task 2: “Confinement and Data Base Modeling
The main areas of activity have remained the same as last year with the proposed addition of a new area of focus. The key areas of focus are (i) confinement scaling with beta CDB-2, (ii) confinement scaling with collisionality in ELMy H-mode plasmas CDB-4, (iii) extension of global database studies to low aspect ratio CDB-6, (iv) * scaling of confinement at ITER relevant dimensionless parameters at low and high beta CDB-8, (v) density peaking at low and high collisionality CDB-9. At the recent IPTA CDBM meeting held in Lausanne, Switzerland a new focus area was proposed to study the L-H power threshold at low density, CDB-10.
CDB-2 - Beta Scaling
Previous results have shown a range of global H-mode confinement scaling with beta from negligible on DIII-D and JET H-mode discharges to a strong degradation on JT-60U and AUG. Several candidate parameters which may play a key role in these differences are upper triangularity, fueling rates and toroidal rotation. This year AUG, DIII-D and JET performed additional experiments. The AUG experiments continued to show a degradation in confinement with beta. The DIII-D experiments were performed in two regimes, standard DIII-D shape with low toroidal rotation in hybrid discharges and in the AUG shape with higher rotation. The results are very preliminary but transport showed a stronger beta degradation in hybrid discharges than previously seen on DIII-D while the AUG results showed beta degradation as previously observed. Since the transport in hybrid plasmas is sensitive to rotational shear, imperfections in the Mach number match will complicate the detailed analysis to be done.  JET also performed a beta scan in hybrid-like plasmas. Again analysis is at a preliminary stage. However, the confinement clearly shows a strong beta degradation in contrast to the previous JET studies.
CDB-4 - Scaling with Collisionality and Greenwald Fraction
No additional experiments were performed in this area this year. Prior JET and C-Mod experiments showed that collisionality rather than Greenwald fraction was the key scaling parameter. The NF paper describing these results is being updated following strong referee comments. An additional collisionality experiment on C-Mod awaits a cryopump to allow access to low collisionality.
CDB-6 - Aspect Ratio Scaling
An additional 100 NSTX observations in ELMy and ELM-free H-mode conditions were submitted to the confinement database. The confinement scaling with BT and Ip,  ~ BT0.6-0.9 Ip0.4, is considerably different than in other higher aspect ratio devices. Trapped electron modes may be playing a more dominant role in the lower aspect ratio NSTX discharges. Further experiments on MAST are expected in 2007.
CDB-8 - Rho* Scaling at High and Low Beta
JET and C-Mod performed test shots for these experiments in late 2006. JET could match the ITER collisionality but the density in C-Mod was too high. Further experiments on C-Mod await a cryopump to allow lower, ITER-like collisionalities.
CDB-9 - Density Peaking Dependence on Collisionality
A database of AUG and JET discharges was assembled and used to determine that the density peaking factor could be fit with a dependence on the log of collisionality and linearly on the particle flux with the collisionality term playing the most important role. Projections to ITER suggest that the peaking factor, ratio of density at r/a=0.2 to volume average density, on ITER could be larger than 1.4. C-Mod data was added to the database and did not change the scaling when included in the regression analysis. Future contributions from TCV and JT-60U are expected which will add discharges with strong electron heating.

CDB-10 - L-H Threshold Power at Low Density
The threshold power has been seen to have a minimum value at low density in many tokamaks including AUG, C-Mod, DIII-D, JET and JT-60U but the physics and scaling of the minimum threshold and the density at which it occurs is not clear and thus projections to ITER are uncertain. The minimum power threshold has been identified as a potential issue for ITER and thus it was proposed to create another focus area for this work. J. Snipes will act as the spokesperson for this group. Future joint experiments are expected to focus on density scans to study the physics and parametric dependence of the minimum threshold and density at which it occurs.
Task 3: MHD, Disruptions and Control

MHD physics tasks proposed by the ITPA and implemented under the IEA LTA have been conducted in a range of areas.

Resistive Wall Modes ; There has been significant progress in this area using balanced neutral beam experiments on DIII-D and JT-60U, to clarify the critical rotation required for RWM stability. The plasma rotation needed (~0.3% of Alfvén velocity) is observed to be generally lower than in previous joint experiments using magnetic braking. It is now under investigation whether the applied error field used in magnetic braking influences the RWM critical velocity. Joint experiments on JET with DIII-D participation have used resonant field amplification (RFA) as a routine tool to demonstrate advanced scenarios operating above the no-wall limit and have made an initial start on studying RFA from applied n=2 fields. Results on joint RWM experiments were reported at the 2006 IAEA Fusion Energy Conference.

Low [image: image1.wmf] error fields; The one outstanding issue from the 2004/5 C-Mod, DIII-D and JET identity experiments was the apparent difference in the Bt scaling on C-Mod. Further experiments were conducted on C-Mod at 7.8T to try and resolve this issue. It was found that the higher field C-Mod data are consistent with the JET and DIII-D scaling (berror/Bt~1/Bt) but the lowest field data (4.1T) still show a stronger inverse Bt scaling. These results are now being written-up as a journal article.

Sawtooth, NTM physics and error fields at high ; Joint experiments have been conducted on DIII-D to examine the effects of rotation on NTMs – these follow-on from experiments on JET substituting ICRH for NB power to reduce rotation. On DIII-D the co/counter-NB balance was varied. It was found that reduced rotation lowers the threshold for 2/1 NTMs (as observed in JET for 3/2 NTMs) and in addition it was found that error fields can combine with ‘neoclassical drives’ to brake plasmas and further lower NTM thresholds on both JET and DIII-D. These results will be presented at the 2007 EPS conference and written-up as a journal article. In addition, joint experiments (AUG, DIII-D and JET) have continued on the critical  below which NTMs are unconditionally stable, with new 2/1 NTM data obtained on JET. A new cross-machine analysis (AUG, DIII-D, JT-60U and JET) of NTM thresholds in the Hybrid Scenario is progressing. Cross-machine comparisons during  ramp-down (AUG, DIII-D, JET) and with ECCD stabilization (AUG, DIII-D, JT-60U) showed that the marginal island width of the 3/2 NTM is about twice the ion banana width (these results were presented at the 2006 IAEA Fusion Energy Conference). Analysis of experiments performed in AUG, demonstrating the enhancement of the stabilization efficiency of a neoclassical magnetic island by modulated electron cyclotron current drive, has been made. There has been a successful demonstration of destabilisation of fast particle stabilised sawteeth, above the marginal beta for 3/2 NTMs, in JET.
Disruptions; Experiments in DIII-D and C-Mod on disruption mitigation with noble gas injection have shown similar features: the neutral gas is stopped at the plasma edge, where the onset of low-order MHD instabilities followed by a global disruption-like internal reconnection then mixes the edge-deposited ions with the hot plasma core. This MHD mixing results in a radiative thermal collapse with a much slower time scale than the thermal quench encountered in a natural disruption. The slow thermal collapse and MHD mixing is consistent with NIMROD MHD code modelling. In both experiments, the amount of impurity gas assimilated into the plasma prior to the onset of the current quench is much less than required for collisional suppression of runaway electron avalanching. However, the ergodic magnetic field produced by the MHD modes may account for the low level of runaway production observed. Experiments in both machines also confirm that a mixture of hydrogen/helium with a small amount of higher-Z noble gas can improve the response time for onset of the radiative thermal collapse. These and other gas injection results were reported in a joint paper at the 2006 IAEA Fusion Energy Conference. More recent DIII-D results have shown the benefit of a fast gas delivery rise time for obtaining the most efficient impurity and/or hydrogen gas delivery prior to onset of the current quench. A new fast valve close to the plasma is being commissioned on AUG. 

With regard to future plans from June 2007 to May 2008, it is expected that joint experiments on Disruption Mitigation, Neoclassical Tearing Modes, Resistive Wall Modes and Error Fields will continue, together with the related personnel exchanges.
Task 4: Edge and Pedestal Physics

Coordinated experimental activities/exchange of personnel took place for the following ITPA pedestal and edge topics.

PEP 1 & 3: JET/JT-60U pedestal identity experiments and modelling

New experiments in JT-60U (June 2006) with the JET identity shape have been carried out in June 2006. The scope was to study ELMy H-modes with JET-similar shape at reduced toroidal magnetic field ripple (compared to the ~1% at the separatrix of the previous experiments), at a reduced toroidal field of 2.2T, q95~3.6 (instead of 3.1T), for best compensation of the ripple. V. Parail (EJ44) participated in the experiments. The main result of this experiment was that a change in ELM size, which resulted in higher PELM/Psep, was clearly observed, while no significant improvement of pedestal performance has been observed. Based on these new plasma parameters, new similarity experiments were carried out in February 2007 in JET. The experiments included reference discharges without ripple, as well as ripple scans including a match to the JT-60U values (at the plasma midplane). N Oyama and H Urano (JAEA) participated in the experiments. Data analysis is in progress, and data were obtained on the effect of ripple on ELM and pedestal parameters, as well as on plasma response to fuelling, for comparison with existing JT-60U data. Note that the preparation for the JET TF ripple experiments benefited from the extensive use of the JAEA Orbit Following Monte Carlo (OFMC), used for the analysis of JET heat loads due to fast particle losses (by J Lonnroth on JAEA computers form JET). 

PEP 6: AUG/MAST/NSTX pedestal structure and ELM comparison in double null

No new experiments have been conducted so far, because of the fly-wheel generator incident on AUG and the lack of available power on MAST. Initial experiments in 2007 on MAST during PEP-16 revealed a difficulty in accessing the H-mode in L-SN, (rsep<-15mm, even with PNB<3.4MW. This behaviour is reflected on NSTX and needs further investigation since, previously, the H-mode has been readily accessed at lower power in L-SN. More experiments on MAST are planned in June 2007. New experiments on AUG are planned for late 2007.

PEP 9: Dependence of the H-mode Pedestal Structure on Aspect Ratio (DIII-D/MAST/NSTX) 

New data were obtained on MAST with higher NB power than before, allowing access to lower pedestal collisionality ~0.4 and higher pedestal local beta >7%. Stability analysis is commencing on these new data, as well on existing NSTX data to build on the results presented at the 2006 IAEA conference. The need for new data on DIII-D at matching pedestal collisionality is being assessed.

PEP 10: Collaborative experiments between MAST and ASDEX Upgrade on the effect of pedestal parameters on ELM radial extent

Experiments have been carried out on MAST in February and April 2007 and are planned for AUG for July 2007.

The MAST experiments were conducted at different current, toroidal field, ne and PNB, and the radial efflux due to ELMs was measured. During the February experiments, MAST was equipped with the AUG IR camera which, being identical to the MAST camera, allowed the simultaneous observation of the upper and lower strike points. In addition, the magnetic signature of the ELMs has been studied. To complete the study, the required data from AUG will be available from the end of July 2007. During these experiments the MAST fast visible camera will be installed on AUG to obtain images of the ELM filaments. 

PEP 13: Comparison of small ELM regimes in JT-60U, ASDEX Upgrade and JET

New experiments carried out in 2007 at JET included a density scan with the identity plasma parameters and a * scan, to define the operational space for the Type II ELM regime. Type II ELMs were obtained at a Greenwald fraction at the pedestal top between 0.7 and 0.8. WELM/Wped was ~4 to 5%, while the minimum * required for the Type II onset is ~0.23, still far from the projected ITER value. Experiments to extend the regime to lower * and * are planned for the next experimental campaign. 

PEP 16: C-MOD/MAST/NSTX small ELM regime comparison

Following the successful shape development in 2006 and initial experiments on all three devices, further experiments were performed on MAST in May 2007 and NSTX in February/
April 2007. On both devices, ( scans were performed in configurations close to DN (-6mm<(rsep<2mm). Good pedestal data were obtained for a wide range of (ped and (*ped. In both STs the small ELMs vanish at high input power corresponding to low collisionality and high ( at the top of the LFS pedestal. On MAST, small ELMs are still observed at PNB=1MW, whereas on NSTX the small ELMs are only observed between 2MW<PNB<3MW. In LSN with (rsep=-15mm H-mode access was impossible on MAST and NSTX despite NB powers of PNB<3.4MW on MAST and PNB<6MW on NSTX. This behaviour is of particular interest, since H-mode access in LSN is generally no problem with PNB>2MW on NSTX with (>1.9 and needs further investigation. The structural information obtained for the small ELMs close to DN on NSTX and MAST is distinctly different to those obtained for the Type V ELMs observed on NSTX. Further experiments in C-MOD are planned for the summer 2007. For this, a shape closer to DN needs to be developed to match the shape on NSTX and MAST. 

Task 5: SOL and Divertor Physics

D/T retention: Retention in gaps (DSOL-13) due to co-deposition with C and B is a special concern since such codeposits are hard to access for tritium recovery. Studies of inner divertor gaps in AUG showed that the inventory was predominantly on plasma-exposed areas, however, and that there was ~identical inventory with/without gaps: the inner divertor gaps do not increase inventory but change the spatial distribution. In the outer AUG divertor inventory was very small and there was no difference between plasma-exposed and plasma-shadowed sides. Regarding more remote areas in AUG: maximum inventories were in line-of-sight to strike points with only small inventories on shadowed areas, indicating that deposition is by particles with high (~1) sticking probability and there was negligible inventory in pump ducts. D deposition in castellated grooves in Be JET limiters (from the 1980s) is always associated with C. In Tore Supra the D retention rate decreased with increasing radiation fraction (variable impurity seeding). Deep penetration of D in CFCs varies significantly with CFC type: T depth profiles in JET (2D CFC) divertor tiles showed about 40% of the T was retained at depths > 1 mm, while only a few % was found at such depths in the TFTR 4D CFC tiles. Mechanism for deep retention in CFC (Garching): hydrocarbon molecules formed at end of range migrate through interconnected pores into bulk with codeposition on pore surfaces. ~50% of D injected into C-Mod is retained initially in Mo tiles (if no disruptions), decreasing to ~ 25% after a few shots, Retention does not appear to saturate for further discharges. Lab experiments with pristine Mo show much lower retention and saturation; however, new lab (DIONISOS) experiments appear better able to explain deep retention due to a mechanism dependent on plasma flux density, e.g. surface D pressure driven by large incidence fluxes (MIT hypothesis) or due to D self-aggregation in clusters due to stress field created by implanted D, creating traps (Garching). Atomic displacements cause by DIONISOS MeV ion beam simulates 14 MeV n-damage and enhances bulk retention of D in Mo, raising issue of dynamic response of Mo/W to n-damage and T retention. Neutron damage will create strong trapping in vacancies distributed over the entire W thickness, which may become accessible for T via diffusion in tension field (Garching).
Multi-code, multi-machine edge modelling and code benchmarking (DSOL-14). 
A joint Pedestal and Divertor/SOL session was held on modeling. The session covered a wide range of modeling techniques, applied to a large number of machines. Topics included interpretive modeling, extensively using all available experimental data and making an ‘empirical reconstruction’ of the plasma by means of the OSM-EIRENE code. The insight and knowledge of plasma transport coefficients gained in such studies can then be leveraged for predictive simulations. A large amount of effort is also devoted to the more standard approach of predictive 2-D edge fluid plasma codes, often coupled to Monte-Carlo packages for neutrals. The issue of fuelling of the pedestal region (DSOL-16), in both DIII-D and AUG, was tackled with the UEDGE code package and in Alcator C-Mod by neutral kinetic calculations. Matching the large SOL flows seen in experiment remains a challenge for such codes and is only achieved in special cases. The difficulty current codes have at reproducing all the features of divertor detachment, in particular the particle flux rollover, were seen to be of concern for proper extrapolation of current models to the ITER scenario of semi-detached divertor operation. Detailed SOLPS modelling of well documented AUG plasmas reveals a tendency for code solutions to predict colder and denser plasma in the divertor (target Te profiles flatter than in expt, peak Te smaller). Simulated Er in the SOL (SOLPS, EDGE2D) << than in experiment. Codes underestimate of Er is consistent with their underestimate of experimental parallel SOL ion flows. Leading hypothesis: divertor, Er and flows discrepancies are all related to each other and caused by non-local effects of parallel electron transport in the SOL and divertor. It was pointed out by the ITER Team that modeling needs will be shifting from scenario development to diagnostic design support as the period for procurement of the hardware moves on from the divertor itself to the diagnostics. More generally, the feeling of the community was that priority in the modeling effort should be given to understanding and reproducing detachment physics (including its in/out divertor asymmetry), which are essential for ITER operation, followed by work on kinetic and transient effects such as ELMs, and reproduction of the experimental signatures of radial electric field and strong Mach flows in the SOL.  

ELMs. (DSOL-1 & DSOL-19). On JET, ELM-filaments follow pre-ELM B-lines. Toroidal separation Δφ~2πn; for high triangularity, n~5-20 (upper dump plate), n~20-50 (outer limiter); for low triangularity, n~10-15 (outer limiter), similar to previous observations in AUG and MAST. Average normalized width δθ/Δθ~δφ/Δφ~ 0.6, expected to hold also in ITER. High Ip and low fueling produce a few large ELMs (ΔWELM <0.9 MJ) at ITER υ*ped. These cause post-ELM radiation spikes of  ~50% of ΔWELM and increased impurity influxes into the bulk plasma. In DIII-D ELM suppression studies, a correlation is seen between width of vacuum island overlap region and ELM suppression: Δstocvac/Δpped > 3.5 gives ELM suppression. JET studies show that type-I ELMs can be mitigated by the application of a low n (1 or 2) external perturbation field.

ITER Session. Professor Karl Lackner chaired a session on ITER, that was particularly well attended and included presentations on the ITER Design Review, in progress. He lead a lively and productive discussion, concluding that there was a consensus that ITER should have the capability for an (at least once in a lifetime) exchange of the first wall material. There was a general recognition that at some stage ITER should test a fully DEMO/reactor relevant material combination for both first walls and divertors, which in all likelihood appears to be tungsten. It would be highly desirable if the present design of the first wall could be modified in a way to give more flexibility for this, including the introduction of protection limiters. The majority of the group does not feel that presently available experimental evidence would justify now the start of ITER operation with all-tungsten plasma facing components.
Task 6: Steady State Operation

International collaborative experiments coordinated through IEA IAs have made significant progress and expanded multi-machine data sets for further analysis in view of steady state operation development. Concerning new data during the period of this review: JT-60U operated June, July and September, 2006. JET operated from November, 2006 until April, 2007. DIII-D operated from June, 2006 until September, 2006 and after a vacuum opening, operations resumed in February, 2007 and will continue until July, 2007.
On preparation of ITER steady-state scenario (SSO-1): In JT-60U, in real time q profile control experiments, it was shown that as qmin raised by off-axis LHCD above 2, which is a targeted steady-state profile, the m/n =2/1 NTM disappeared and N retrieved. Full non-inductive current drive solely by the bootstrap current (fBS ~ 100%) had been pursued to document it’s self-regulating feature. And ramp-up of Ip was observed in a bootstrap dominant discharge, that is bootstrap over-drive. In JET, in a discharge with q95 ~ 5 and  >> 0.4, reaching N > 4x(i. N >> 3 has been sustained for duration of order the resistive time with N controlled using NBI power. The achievable N increases with heating start time (or decreasing qmin) with N being limited by large n=1 MHD. The no-wall limit has been probed using resonant field amplification. In DIII-D, experiments for exploring the performance boundaries in the steady-state scenario focused on the optimization of the plasma boundary shape. It was clearly demonstrated that changes in the shape of the outer boundary with fixed triangularity and elongation led to significant variation in the maximum stable beta for long-pulse operation. A clear optimum was observed, similar to model calculations prior to the experiment.

On preparation of ITER hybrid scenario (SSO-2): In JT-60U, sawteeth were induced by central ECCD and effect of the sawteeth on NTM was investigated in high p discharges and it was found that central ECCD enhanced sawteeth but suppressed the m/n =3/2 NTM. In JET, qualifying the hybrid scenario for ITER concentrated on: (1) Extending operation to q95 = 3.2 and q95 = 2.7. (2) Systematic comparisons with the H-mode scenario (no apparent differences are observed on confinement yet). (3) Extending the duration at N = 2.5 to 20 s. (4) Operation at higher density, up to the Greewald density with ~10% loss of confinement. (5) Employing ELM mitigation techniques (Type III ELMs) using radiative fraction control. The role of MHD in hybrid scenarios was studied: The confinement without 3/2 NTMs is close to H98(y,2)=1, while with a 3/2 mode the confinement is degraded by typically 15%. The hybrid scenario has been extended to N = 3.6 (N,TH = 2.6), above the no-wall limit and diagnosed by MHD spectroscopy. A N scan has been carried out at same * (and *) in hybrid discharges. In DIII-D, experiments examined the dependence of transport on rotation and beta and the role of MHD in the current profile evolution. The confinement increases significantly with increasing rotation. This increase is described well by gyro-fluid model simulations that include the effect of ExB shear. The beta scaling experiments were carried out and are under analysis. Fast ion transport was ruled out as a leading candidate to explain the anomalous current evolution in hybrid discharges through a series of experiments varying the mixture of co- and counter-injected NBs.

On real-time q-profile control in hybrid and steady state scenarios (SSO-3): In JT-60U, real-time q profile control by means of off-axis LHCD had been investigated. It was confirmed that qmin could be controlled well by this scheme. And as described above, effectiveness of the q profile control for optimization of steady-state operation was shown. Real time control of spatial gradient of the Ti profile (Ti) by combining on- and off- axis NB and real time measurement of Ti profile by filter CXRS. And real time control of Ti was demonstrated. In JET, for preparation of future implementation on JET control system, response of plasmas to actuator modulation. 

On documentation of the edge pedestal in advanced scenarios (SSO-4): In JT-60U and JET, related data had been collected in the related experiments. In DIII-D, experiments to measure the pedestal dependence on power, density, and rotation were carried out in hybrid discharges. The analysis is yet underway, but preliminary analysis showed that the pedestal clearly rose with increasing power input and was not limited at the same value by ELMs.

On Simulation and validation of ITER startup to achieve advanced scenarios (SSO-5, new in 2007): In JET showed that a much higher (i at the end of the current rise phase than predicted by ITER simulations. In DIII-D, it was found that the outer wall startup with correlated shape evolution to maintain constant qlimiter during the current ramp result in much higher (i than the present ITER simulations. Limiter heat loading and the influence of density are still under analysis.

On Ability to obtain and predict off-axis NBCD (SSO-6, new in 2007): In JT-60U, off-axis NB driven current profile, this indicates effectiveness of off-axis NBCD.

Concerning personnel exchange, there were many participation on JET advanced tokamak related experiments and/or preparation for them both from US, Dr.s T. Luce, J. Ferron, J. Menard and M. Murakami (UE315), and Japan, Dr. S. Ide (JE139). Dr. P. Gohil participated to JET real time control experiments from US (UE322).

As for the future plan from June 2007 to May 2008, the research on steady state operation will be continued. During that period, new data will be available from DIII-D, JET and JT-60U. The ITPA “SSO” TG is proposing researches on the ITER steady state relevant plasmas and hybrid operation relevant ones in more depth.
Task 7: Tritium and Remote Handling Technologies

De-tritiation of plasma facing components at JET
Several activities have been launched in the EU related to in-situ detritiation. 

Apart from the flash lamp technique, laser detritiation is the most highly developed technique and in 2006 a laser detritiation system has been used in the JET Beryllium Handling Facility (BeHF) to clean several tiles. The most important conclusions of this task are that all the co-deposited layers were removed in one laser pass and that almost all the products obtained after treatment were dust. The efficiency of the treatment was confirmed using IBA analysis which has shown the complete removal of the film as well as the fuel trapped in the co-deposited layer. No fuel diffusion was observed in the bulk material after laser detritiation. It was also shown on a mock-up of the inner divertor (Tiles 3 and 4) that the laser can access and treat remote surfaces. In 2008, this activity will continue and trials will be undertaken in order to optimize and control the laser detritiation. Moreover, a tool must be designed and developed in order to install this system on the JET Remote Handling boom to test the hardware in the JET Vacuum Vessel itself.

A small plasma torch was also developed during 2006 and tested on laboratory samples. This torch operates with active gases such as Nitrogen, and the plasma plume allows the sample surface temperature to be raised to more than 500°C. From the first trials, it appears that the removal rate is much lower than that for laser detritiation. However, the chemical processes induced by the torch could allow treatment within castellations. In 2008, it is planned to test this new small plasma torch on castellated samples and samples with thick films in the JET BeHF in order to assess its efficiency with real JET samples.

Also, a new system has been developed in the past year. This system, called Inside Gap Plasma Generator (IGPG), could be mounted on a robot and used to clean castellations using an RF Argon plasma. First trials have shown that the plasma penetrates the void and gaps and its efficiency is under assessment. It is proposed to use this IGPG on real samples in the JET BeHF in the future; the efficiency of the IGPG (and the plasma torch) will need to be checked via IBA measurements, as has been done for the laser and flash lamp techniques.

In parallel with these tests and assessments, tasks devoted to the in-situ physical and chemical characterization of plasma facing components (PFC) have been launched. In 2006-2007, the first results on JET of in-situ Laser Induced Breakdown Spectroscopy were obtained. These can be used to determine the chemical composition of the PFC. It seems possible to obtain the composition of the co-deposited layers including the concentration of T/D/H. However, to be as quantitative as possible, ex-situ calibrations are needed. It is also possible to use code calculations to extract from the optical spectra obtained during LIBS the concentration of the species in the layer. This modelling activity will be supported in the JET 2008 Workprogramme.
Surface analysis of plasma facing components from JET
Surface analysis of JET divertor tiles removed during the 2004-5 shutdown for 13C studies has been completed. 13CH4 was puffed in the outer divertor on the last day prior to the shutdown. Two different poloidal sets of tiles have been scanned, with toroidal variations being found only close to the injection points. Modelling work on the transport is continuing. A third 13C puffing experiment in JET was carried out prior to the 2007 shutdown. This time puffing was from the outer mid-plane into H-mode discharges. During the shutdown, a poloidal set of divertor tiles and selected tiles from the main chamber will be removed for analysis. This task will be scheduled in 2008.

A set of W-coated tiles have been exposed in JET during 2005-7 in order to check on predicted lifetimes for coatings during the planned ITER-like wall experiment. Areas of interest are the outer strike point for plasmas with high delta, and neutral beam shine-through and beam re-ionisation areas. The tiles have a 3m W coating, similar to the ones exposed at the outer divertor during 2001-4, and will be removed for analysis during 2007-2008. 

Analysis of mixed deposited materials has been flagged by EFDA as a major topic of concern for ITER. JET provides a source of Be-C mixed materials, and in future will provide Be-W and Be-W-C films. Existing analysis techniques such as IBA and SIMS will need to be supplemented by high resolution techniques such as SEM and Ion Micro-probe and chemical analysis techniques such as XPS/AES. 

Marker layers have proven to be very useful in determining the extent of erosion/deposition in JET in recent years. The pattern of erosion/deposition is likely to be changed considerably with the introduction of the ITER-like wall, which will have plasma-sprayed W coatings in the divertor and solid beryllium tiles in the main chamber. Each of these regions requires the development of new marker systems in order to measure the degree of erosion and the new locations for deposition (and tritium trapping). The marker coatings will need to cope with the rough W surface, so analysis methods will require optimisation, whilst for the Be tiles, marker coatings of Be and onto Be substrates bring complications due to handling the toxic material. All developed marker systems will require high power flux testing to ensure they will survive in JET, and analysis of the samples before mounting in JET (and again after their eventual removal) is implicit in the development.  

In the frame of the ITER-like wall project on JET (which is configured specifically to have direct relevance to ITER PFC), several activities devoted to the preparation of IR surface temperature measurements in a metal machine environment have been launched. Based on active IR measurements techniques, they are currently under assessment. In 2008, activity will be launched in order to select the most suitable technique for JET and the ITER tokamak. An assessment of practical methods of implementation in JET could be included in this task.

Surface analysis of plasma facing component from JT-60
In JT-60, erosion/deposition analyses of the plasma-facing wall have shown that local carbon transport to the in-board divertor was appreciable, in addition to long-range transport. The total deposition and erosion rates in the divertor region were ~10x1020 C atoms/s and ~-6x1020 C atoms/s, respectively. About 40% of the deposition in the divertor region should have originated from the main chamber wall. The highest hydrogen concentration in (H+D)/C ratio and the retention rate were found to be ~0.13 and 6x1019 atoms/s, respectively. In the plasma-shadowed area beneath the divertor region at around 420oK, re-deposited layers of ~2µm thick were found with high hydrogen concentration of ~0.8 in (H+D)/C, which was nearly the same level as that observed in JET. Large deuterium retention was also observed at the main chamber wall covered with boron layers. Their (H+D)/C and H+D retention were ~0.16 and ~10x1022 atoms/m2, respectively, for the vacuum vessel temperature of 570oK. Integrating this retention over the whole main chamber wall results in a significant inventory.

The transport of carbon generated on the outer divertor region has been investigated using the 13CH4 gas puffing in JT-60. On the surface of the inner and outer dome tiles, the 13C areal density rapidly decreased towards the dome-top. This result indicates the 13C flux to the dome-wing tiles surface decreases toward the dome top and/or the 13C deposited near the dome top is re-eroded. The poloidal distribution of the 13C areal density on the inner divertor tiles had a peak a little outboard of the inner strike point. It might be caused by transport through the private flux region. In the outer divertor region, 13C was deposited only in the down-stream direction indicating 13C ion particles are transported down-stream by a plasma flow. To investigate the carbon transport more closely, 13C deposition in the gap of the divertor and dome-wing tiles will be analyzed.

Tungsten has been selected for plasma facing materials such as the divertor baffles for fusion reactors. For the case in which the energy of impinging particles can be kept below the sputtering threshold, it has been believed that the plasma impurity problems can be avoided by using tungsten. However, blistering can occur at the tungsten surface, even if the ion energy is too low to create displacement damage such as vacancies. This tungsten blistering could lead to an instability in the plasma due to impurity release into the core plasma. For this reason, deuterium blistering in the surface region of tungsten has been studied by exposure to high flux (1022D+/m2s) and low energy (38eV/D) deuterium plasmas. For the tungsten samples exposed to the plasma up to 1027D/m2, the blistering and blister bursting were clearly observed. Preliminary position annihilation measurements indicated that the vacancy concentration in the near-surface region of tungsten increased after the deuterium plasma exposure.
Task 8: Others - Diagnostics and technical issues such as neutral beam technology
Diagnostics

In the framework of the Bi-lateral Agreement between the EU and US, new diagnostic systems, installed on JET during the last years, have been commissioned and/or exploited. First, a set of nine Faraday cups, located in 5 different poloidal positions in the lower outer part of JET have produced the first scientific results, showing a clear poloidal dependence of the fast particle losses. These detectors provided data also during the Toroidal Field Ripple experiments and the analysis is under way. Second, the JET Charge Exchange Recombination Spectroscopy (CXRS) system, to which ORNL and PPPL contributed with two high through-put, transmission grating spectrometers and two fast CCD cameras, has been fully commissioned and systematically exploited during the last Experimental Campaigns. Third, GA filter spectrometers and PPPL amplifiers for the High Resolution Thomson Scattering system on JET have worked properly during commissioning and operation of this new system.

One session during high level commissioning was devoted to Ohmic discharges for the calibration of JET MSE with a technique proposed by GA. The raw data are good but the analysis has not yet started. 

Since the installation of new waveguides the S/N ratio of JET reflectometer system has improved by about 20dB. Therefore, a more coordinated collaboration has been activated with PPPL for the exploitation of the PPPL correlation reflectometer on JET (one band in the interval 100-105GHz) and for the cross-validation of these data with the other JET systems.

Negative Ion Neutral Beam Technology

Continuous progress is being made in the development of the next generation of negative ion based neutral beam systems. A key contributor to this work under the LTA agreement is Dr. Larry Grisham in collaboration with Japanese laboratories at NIFS and JAEA. Dr. Grisham made three trips to collaborate with the JT-60U negative ion beam group to engage primarily in the development of techniques to steer more reliably the many beamlets that comprise a beam, and to find ways to compress the beam envelope. This will be incorporated into the upgraded accelerators for JT-60SA, and will be essential for designing the ITER beam accelerators. The collaboration also studied processes precipitating breakdown in the accelerator column, and the evolution of oxygen contamination in the source plasma. The paper “Beamlet deflection due to beamlet-beamlet interaction in a large area multi-aperture negative ion source for JT-60U” by Kamada, Hanada, Grisham, Jiang was submitted to the Int. Conf. on Ion Sources (Korea, 2007), and also a paper to the Int. Conf on Vacuum Breakdown (Japan, 2006), “Correlation between voltage holding capability and light emission in a 500keV electrostatic accelerator utilized for fusion application” by Hanada, Ikeda, Kamada, Kikuchi, Komata, Mogaki, Umeda, Grisham, Kobayashi.
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