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ABSTRACT.

The development for ITER of integrated operating scenarios with acceptable first wall power loadings

and high fusion power has gained urgency in view of JET’s intent to install an ITER-like beryllium

wall, tungsten divertor and major heating system upgrades. Since the last IAEA Conference the

understanding of key issues has progressed with recent analyses of past results and the first results

from the 2006 Experimental Campaigns, which exploit new enhancements, extending operation to

highly shaped, high power plasmas with an improved diagnostic capability. Issues related to the core

plasma performance include global energy confinement, temperature profile stiffness, toroidal

momentum transport, density peaking, impurity accumulation, core MHD and fast ion effects. Active

control of the local current profile is seen as a means to improve performance by modifying MHD and

transport effects. Issues related to the edge plasma include the erosion of plasma facing components

caused by high power loadings that result from edge MHD instabilities which must be ameliorated,

and edge material migration which can influence fuel retention and inventory. The need to resolve

these issues re-enforces the need to test ITER wall materials under high performance conditions, as

foreseen in the longer-term JET programme in support of ITER.

1. INTRODUCTION

Since the last IAEA Conference [1], JET has upgraded its divertor, heating systems and diagnostics,

extended the analysis of past results, started its 2006 Experimental Campaigns and progressed the

understanding of key issues related to the qualification for ITER of integrated operating scenarios

with acceptable fusion power and first wall power loadings. The first key issue, addressed in Section

2, is the performance of the ITER baseline scenario [2] and the more advanced scenarios which

offer potential for improved performance. Emphasis is given to coordinated multi-machine

experiments on global energy confinement, density peaking and temperature profile stiffness, together

with specific JET experiments on electron heat transport (using Ion Cyclotron Resonance Heating

(ICRH) to modulate the electron temperature), impurity accumulation (expected with neoclassical

transport), and momentum transport (in view of its potential role in stabilising turbulence). The

important role of the plasma current profile in influencing plasma performance is becoming

increasingly recognised, and JET uses Ion Cyclotron Current Drive (ICCD) and Lower Hybrid

Current Drive (LHCD) to provide active control of the local current profile to control MHD activity

and transport losses, thereby enhancing performance. The second key issue, addressed in Section 3,

is that of achieving acceptable wall power and particle loadings in conjunction with high fusion

performance. The ELMs associated with the ITER baseline scenario will cause erosion and damage

to plasma facing components and it is essential to develop towards scenarios with more benign

ELMs. Furthermore, it is essential to chart the migration paths of material eroded from these

components, since this will impact on fuel retention and inventory. The resolution of all these

issues has gained urgency in view of JET’s near-term intent to install an ITER-like beryllium wall

and tungsten divertor [3, 4] for which the related R&D is reviewed in Section 4. The ITER-like
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wall, together with further upgrades to the ICRH and Neutral Beam (NB) systems, aims to confront

the dual challenges of improved core plasma performance and acceptable first wall power and particle

loadings required for ITER, providing a test-bed for high power integrated scenarios at the most

ITER-relevant parameters with a combination of ITER-like wall materials.

2. CORE PLASMA PERFORMANCE

2.1. GLOBAL ENERGY CONFINEMENT

In global terms plasma performance in the ITER baseline scenario (H-mode with MHD instabilities

in the core (sawteeth) and in the edge (Edge Localised Modes, ELMs)) is measured by the thermal

energy confinement time which is often expressed in terms of the IPB98(y,2) empirical scaling [5].

However, this scaling can be optimistic as density is increased towards the Greenwald density, and

can be overly pessimistic with respect to its dependence on normalised plasma pressure, β. Dedicated

identity experiments with matched dimensionless parameters on JET and C-MOD show collisionality,

ν*, rather than the Greenwald density fraction, Fg, to be the relevant dimensionless parameter.

However, dedicated ν* scans on JET, DIII-D, JT-60U, COMPASS-D and C-MOD show that the ν*

dependence is not well-represented by a simple power law. Furthermore, dedicated β-scans on JET

an DIII-D show no dependence of confinement on ≤ while JT-60 data show a β-degradation weaker

than that of IPB98(y,2). These observations from multi-machine dimensionless transport experiments

are found to be better described by a two-term scaling in which the β and ν* dependencies are

stronger in the contribution made by the pedestal energy than the core plasma energy [6]. None-

the-less, the twoterm scaling is no better than IPB98(y,2) at describing the fall in confinement with

increasing density.

2.2. STIFF TEMPERATURE PROFILES CLOSE TO THRESHOLD

Temperature profiles often reveal critical thresholds in the temperature gradient scale length, R/LT,

which, together with high thermal diffusivities, maintain stiff temperature profiles, close to

thethresholds. Electron heat transport studies at low collisionality on JET use Ion Cyclotron

Resonance Heating (ICRH) to modulate the electron temperature, Te, to determine the degree of

stiffness and threshold in R/LTe, and to allow comparison with other tokamaks [7, 8]. Thresholds

are found to be in broad agreement with theoretical predictions for TEM instabilities from linear

gyrokinetic codes (GS2, KINEZERO). Stiffness levels are found to be higher in JET and increase

with temperature, implying that the higher temperatures expected in ITER will be determined closely

by the thresholds. Ion temperature stiffness studies have also started on JET with upgraded Charge

Exchange Spectroscopy (CXS) with improved time resolution.

A broad range of steady-state and perturbative transport observations can be simulated by 1-D

first principle-based transport models (such as the Weiland model and GLF23), but these can fail

under particular operational conditions. Comparison between experiment and non-linear 3-D

turbulence codes (fluid: TRB and CUTIE, gyrokinetic: GYRO) have provided significant physical
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insight, but these codes are not yet reliable predictive tools. In particular, all models have failed so

far to reproduce, at the same time, the propagation of very fast cold Te pulses from the plasma edge

and Te modulations. Models featuring turbulence spreading seem to have better capabilities to

match both modulation and cold pulse data, but need a more thorough assessment [9].

2.3. LOW CORE TOROIDAL MOMENTUM TRANSPORT

Global and local toroidal momentum transport has been studied using a large database of ELMy H-

mode discharges (most of which are dominated by ITG turbulence), local transport analysis and

predictive transport simulations. The ratio of the global energy confinement time to the momentum

confinement time is found to be close to unity, except for low density discharges where the ratio is 2-

3 [10]. On the other hand, local transport analysis of some tens of discharges under different plasma

conditions shows that the Prandtl number (the ratio of toroidal momentum and ion heat diffusivities,
χφ,/χi) lies in the range 0.1<χφ,/χi<0.4, that is with the Prandtl number being significantly smaller

than unity, the value often associated with ITG turbulence. Predictive transport simulations also confirm

that 0.1<χφ,/χi<0.4 reproduces well the core toroidal velocity profiles [10]. The apparent discrepancy

between global and local estimates of the ratio between momentum and ion heat transport can be

explained by momentum confinement in the edge pedestal being worse than ion heat confinement.

Concerning stiffness, while temperature profiles exhibit critical thresholds in R/LT, the toroidal velocity

profile does not show a threshold in R/Lv. While these experimental and modelling results render the

assumption χφ,/χi~1 unjustified for ITER predictions, further experiments and theory are required

before firm extrapolations to ITER can be made.

2.4. DENSITY PEAKING

The peakedness of the density profile, ne0/<ne>, will affect overall plasma performance. Evidence

for increasing peaking with decreasing effective collisionality, νeff, has been found by statistical

analysis of a combined JET and ASDEX Upgrade database of ELMy H-mode discharges (Fig.1)

[11, 12]. This reduces co-linearities with Fg and the fuelling source, and confirms νeff as the most

relevant parameter for density peaking. Although wall and NB injected neutral sources contribute

to density peaking [13], these and the neoclassical Ware pinch are insufficient to explain all the

experimental data, and the existence of a turbulence-driven particle pinch is required. This is in line

with theory predictions of curvature and thermodiffusion pinches, although quantitative agreement

with gyrokinetic estimates of the dependence on νeff is still under assessment. Density peaking is

found to persist even under conditions of strong central electron heating in both JET and TCV, that

is, TEM-induced outward thermo-diffusion does not appear to be sufficient to overcome the inward

pinch. The empirical scaling deduced from multiple regression analysis predicts ne0/<ne> above

1.3 for ITER, thereby counteracting the negative consequences of a lower than expected density

limit [14] but increasing the likelihood of impurity accumulation.
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2.5. IMPURITY ACCUMULATION

A concern with peaked density profiles is the concomitant accumulation of impurities expected

with neoclassical transport. However, experiments on JET show that impurity transport is anomalous,

even for high Z impurities [15]. Ion Cyclotron Resonance Heating (ICRH) experiments have

suggested the possibility of controlling high Z impurity accumulation using electron heating [16].

With dominant 3He minority ion heating (MH), Ni is found to accumulate in JET with an inward

pinch, which is an order of magnitude larger than the neoclassical value. On the other hand, with

dominant 3He mode conversion electron heating (MC), the pinch is outward and the diffusion is

higher, preventing accumulation (Fig.2). This is in line with gyrokinetic stability calculations (GS2)

which show that for a plasma dominated by ITG turbulence, as is the case for ion MH, the pinch is

inwards, while R/LTedriven TEM instabilities would contribute to an outward pinch with MC electron

heating. A novel type of pinch, in addition to curvature and thermo-diffusion, associated with parallel

velocity fluctuations, has been found to be responsible of such behaviour [17]. These results suggest

the possibility of impurity control with dominant electron heating, as expected from ±-particles in

a burning plasma.

Furthermore, turbulence-driven anomalous pinches and diffusion are expected to have

dependences on charge, Z, and mass, whose match with JET experimental results is under assessment.

The impurity peaking factor at mid-radius is expected to vary with Z at low Z, due to thermo-

diffusion, with a saturation at high Z. This is in accord with experiment, and differs from neoclassical

predictions of increasing impurity peaking with Z [16].

2.6. SAWTOOTH TRIGGERING AND FAST ION PHYSICS

The regular occurrence of core MHD instabilities (sawteeth), when the central safety factor, q0,

falls below unity, can flatten profiles and remove high Z material and 4He ash which might otherwise

accumulate in the core. Therefore, it is essential to understand the triggering of sawtooth crashes

which often follows the occurrence of core-localised Toroidal Alfvén Eigenmodes (TAEs; so-called

“tornado modes”) driven by ICRH fast ions. These modes expel fast ions from within the q=1

surface into the outer plasma as well as onto the first wall, leading to a loss of fast ion stabilisation

of the sawteeth and a large sawtooth crash. Between crashes, particle losses are characterised by a

broad distribution in pitch angle and Larmor radius, as evidenced on JET by a new fast ion loss

scintillator detector [18]. During the sawtooth crash, the lost particles are confined to a narrow

range in pitch angle at a lower energy but with larger amplitude (Fig.3). These observations are

interpreted, in the former case, as fast ion losses induced by tornado modes [19] and fishbones, and

in the latter case as the expulsion by the sawtooth of ICRHaccelerated ions. Co- and counter-

current propagating tornado modes have also been observed on JET for the first time (Fig.4). The

drive for these modes is considered to come from the anisotropy of the ICRHaccelerated fast ion

distribution rather than the pressure gradient [20]. The time evolution of some of these modes also

provides indications that the magnetic shear may be weakly reversed.
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2.7. SAWTOOTH AND NTM CONTROL USING LOCAL CURRENT PROFILE

CONTROL

To realise the benefits of peaked profiles, sawtooth control is essential to avoid large sawteeth which

destabilise Neoclassical Tearing Modes (NTMs) that can lead to a deterioration of plasma confinement

and even initiate disruptions. Such control has been achieved on JET by raising the local magnetic

shear at the q=1 surface above a critical threshold for triggering sawteeth, in line with analysis [21,

22]. Calculations of localised Ion Cyclotron Current Drive (ICCD) using the SELFO code (full wave

code with a 3-D Monte Carlo solver for the orbit-averaged Fokker-Planck equations) show a significant

increase in the magnetic shear near the q=1 surface for 2.7T/2.6MA JET experiments which demonstrate

the active control of sawteeth. ICCD at 47MHz with counter-current propagating waves near q=1 on

the high field side is used to increase the local magnetic shear and destabilise sawteeth which had

been stabilised by fast particles during central MH at 42MHz with a low (~5%) concentration of H in

D [23]. These results show promise for the avoidance of NTMs in JET and ITER H-modes, which are

always in a regime above the NTM marginal stability threshold. Initial results from JET also indicate

that pre-emptive application of Lower Hybrid Current Drive (LHCD) can raise the threshold for

triggering m=2, n=1 NTMs induced by error fields, and can suppress partially preexisting m=3, n=2

NTMs. The appeal of such control has been strengthened by EDGE2D modelling of the JET Scrape-

Off Layer (SOL) in ELMy H-mode discharges when gas puffing near the LH launcher leads to an

increase of ne in front of the LH launcher (to above the cut-off density, 1.7×1017m-3 at 37GHz),

thereby allowing good RF coupling with a large plasma-launcher separation (~0.10m), comparable to

that expected in ITER. Under these conditions, the SOL ne profile is reproduced, provided the gas

puff (1022/s) and LH power deposition in the SOL (~15kW, or 0.05% of the total LH power) are

sufficiently large to increase Te, ionisation, and ne in the far SOL [23].

2.8. IMPROVED H-MODE PERFORMANCE WITH CURRENT PROFILE CONTROL

Better performance than the ITER baseline scenario can often be achieved by active control of the

current profile. On JET, LHCD is also used extensively to drive current and maintain q0 above unity

to prevent sawteeth and the large NTMs which they can trigger. As a result, the normalised plasma

pressure, βN, in the central core of such an hybrid mode (or improved H-mode) is higher than for the

ITER baseline scenario, although high edge pedestal energies and Type I ELMs can still persist.

Transport simulations show that current profile control and off-axis current drive is needed to maintain

q0 above unity for a hybrid scenario in ITER [24].

JET experiments show that with q0 above unity, weak central magnetic shear and edge q95~4,

sawteeth are absent and energy confinement is higher than expected from the IPB98(y,2) scaling, but

consistent with the weaker β-dependence found in dedicated confinement scans in JET and DIII-D.

The analysis of a newly assembled database of ~100 JET hybrid discharges shows improved core

confinement in some cases, with high Ti(0)~17keV and Te(0)~8keV, short temperature gradient scale

lengths (R/LTi>14 and R/LTe>11) over a wide region (∆r~0.2m) in the plasma core, with a sharp
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decrease in both χi and χe over the entire plasma core for more than 5s. This is reminiscent of the

Internal Transport Barriers (ITBs) found in plasmas with reversed central magnetic shear. While the

pedestal temperature, Teped~4keV is quite high and the pedestal density, neped~1.3×1019m-3 is quite

low, these plasmas exhibit little (possibly Type III) or no ELM activity, even though the power input

is well above both the L-H threshold and that required to access Type I ELMs. This behaviour occurs

in discharges with relatively low density and results in global performance comparable to that in

standard hybrid discharges with Type I ELMs (βN~2, H98~1, βNH98/q95
2~0.13), with 37% and 23%

of the plasma stored energy residing in the pedestal and in the core, respectively, together with a 40%

nonthermal contribution [25].

2.9. IMPROVED PERFORMANCE WITH CURRENT PROFILE CONTROL AND ITBS

LHCD is also used on JET to provide deep shear reversal with an off-axis minimum in the safety

factor, qmin, which is favourable for the formation of an ITB. In this magnetic configuration, an ITB

is often observed as a well-localised narrow layer with low heat diffusivity. This is confirmed by the

propagation of Te modulations using MC ICRH both inside and outside the ITB (Fig.5). These indicate

that ITBs are regions of improved confinement, which exhibit a lack of stiffness and subcritical transport,

that is well below threshold [26]. On JET, the formation of an ITB appears to be associated with the

short-lived depletion of rational surfaces in the core plasma [27]. This occurs in the vicinity of qmin

when qmin is just above an integer value, as indicated by O-mode interferometry measurements which

show that Alfvénic waves at the magnetic shear reversal point, known as Alfvén Cascades (ACs), are

suppressed for a brief period as the decreasing qmin during the early phase of the discharge approaches

an integer value. The suppression of ACs is correlated in time with the appearance of an ITB as seen,

for example, on the Te profiles obtained by ECE. This has been demonstrated for densities up to

4.1×1019m-3 in NB heated discharges and 5.2×1019m-3 in discharges fuelled also with deuterium

pellets. Similar observations of ITB triggering events and ACs have been made on DIII-D [28].

While ITB triggering due to rarefaction of rational surfaces of the q-profile has a robust basis, the

mechanisms governing the subsequent dynamics and sustainment of the ITB are less clear. The role

of negative magnetic shear has been reported extensively in JET [29]. Another key mechanism to

stabilise turbulence is the ExB shear flow, and experimental measurements on JET with CXS show

that the poloidal velocity of carbon ions can be an order of magnitude above the neoclassical value

within the ITB (Fig.6) [30]. This increases significantly the derived radial electric field and the E×B

flow shear. When the experimental poloidal velocity is used in predictive transport simulations (such

as the Weiland model), the onset, location and strength of the ITB is reproduced well, while it is not

when the neoclassical poloidal velocity is used [31]. The most plausible explanation for the observed

anomalous poloidal velocity is turbulence-driven poloidal flows. Both the TRB and CUTIE turbulence

codes produce anomalous poloidal velocities, significantly larger than neoclassical values [10]. A

crucial question yet to be resolved is the causal relation between the anomalous poloidal velocity and

the onset of the ITB.
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Recently, Advanced Tokamak (AT) discharges with ITBs have been studied in conditions closer to

ITER, in two new configurations (LUD and ITER-AT) which take advantage of the upgraded heating

power and new divertor on JET (Fig.7). The LUD configuration has a low upper triangularity, δL~0.2,

but a high lower triangularity, δL~0.55, and the ITER-AT configuration has high upper and lower

triangularities of δU~0.45 and δL~0.55, whereas previous AT discharges on JET were studied mainly

in a configuration with a low triangularity of δ~0.3. The LUD configuration was studied with high

heating power (27MW, comprising 20MW of NB, 5MW of ICRH and 2MW of LHCD) and an ITER-

relevant q95~5 at 1.9MA/3.1T, compared with q95~7.5 previously at low δ~0.3. Under these conditions,

ITBs were established with simultaneously high pedestal and core densities (neped~2.5×1019m-3 and

neo~6×1019m-3) relative to those obtained previously at low δ~0.3, with Tio~8-10keV close to Teo~7-

8keV, and with ELMs which do not affect the ITB (Teped~1.1-1.3keV with 80Hz Type I ELMs,

compared with Teped~2-3keV and neped~1.5×1019m-3 with similar frequency Type III ELMs,

previously at low δ~0.3) (Fig.8). At peak performance the non-inductive current fraction reached

70%. A non-monotonic q profile was sustained for ~4s [32]. In the present experimental campaigns,

the q and temperature profiles will be controlled simultaneously, using advanced real-time algorithms

to take account of two different time-scales (confinement and current diffusion times) [33]. Predictions

have also been made for the planned power upgrade to ~45MW on JET. If confinement in the Advanced

Scenario were to scale as IPB98(y,2), but with an enhancement factor increasing with increasing

power to a value of 1.5 at 45MW, it would be possible for JET to access conditions of full current

drive under stationary conditions at high current (2.5MA) and high density (nl~5×1019m-3), in a

regime in which fusion performance increases with increasing bootstrap current fraction [32].

Alfvénic activity is readily excited in AT discharges. Following the installation of new low-

attenuation waveguides, which yield a 20dB enhancement in signal-tonoise ratio, the first spatially

localised measurements of ACs in the JET plasma core have been obtained using multichannel

X-mode reflectometry [34] (Fig.9). Together with precisely calibrated NB injection velocities (vb),

these measurements indicate for the first time that the velocity threshold for the excitation of Alfvén

instabilities, in particular ACs, can be much lower than observed previously, and is in the sub-Alfvénic

range 0.1<vb/vA<0.3. This suggests that a significant interaction may occur between Alfvénic modes

and nearly thermalised ±-particles in a reactor. Studies on an AT configuration for ITER have also

begun and optimisation will continue during 2006/7, with multi-channel X-mode reflectometry

providing a valuable tool for AT discharge optimisation by tailoring the q profile, with the aim of

maximising the radius at which the ITB forms [34].

2.10. PERFORMANCE LIMITATION BY RESISTIVE WALL MODES

In AT operation, plasma performance will be limited, ultimately, by Resistive Wall Modes (RWMs) as

βN aproaches the ideal wall limit. RWM stability is controlled by damping related to plasma rotation

relative to the slowly rotating mode structure. Studies of the amplification of externally applied resonant

magnetic fields, at βN above the no-wall limit, give a means of qualifying physics models of this
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damping, which in-turn is key to determining RWM stability in ITER. Studies in JET, and related

joint experiments on DIII-D [35], show that amplification of applied n=1 resonant magnetic fields are

in good agreement when geometry differences between JET and DIII-D are taken into account.

Furthermore, this amplification agrees reasonably well with a kinetic damping or strong sound wave

damping model [36]. Planned future experiments on JET with n=2 resonant magnetic fields are expected

to improve discrimination between the damping models. The suitability of these models for ITER,

where rotation between the plasma and the mode will be lower, remains to be assessed. A second

series of joint JET/DIII-D experiments shows that in both devices, when βN exceeds the nowall limit,

a similar threshold level of applied magnetic field (B2,1/BT~2×10-4) at q=2, induces mode locking

and consequent magnetic braking, leading to RWM growth [36]. These results highlight the importance

of the proposed error field correction system for ITER, for high β operation.

3. FIRST WALL POWER AND PARTICLE LOADINGS

3.1. ELM POWER LOSSES

The Type I ELMs associated with the ITER baseline scenario will cause erosion and damage to

plasma facing components. Extrapolations from JET show that ELMs on ITER could expel transiently

3-8% of the 350MJ stored energy, depositing 0.6-3.4MJm-2 on the divertor targets [37, 38]. Thus,

improved characterisation and understanding of ELM transport in the SOL and the consequences for

first wall and divertor power loadings are essential. Careful analysis of infra-red thermographic

measurements of divertor target ELM energy deposition from a series of discharges with varying

ELM energy losses up to WELM=1MJ shows clear evidence for a strong asymmetry favouring the

inner target (Fig.10) [39]. Except at the lower ELM energies (WELM<100kJ), where the data are more

scattered, this asymmetry closely follows EELM,i/EELM,o=2 and thus counteracts, to some extent, the

inter-ELM target energy asymmetry which is heavily weighted towards the outer target, particularly

at high input power. This behaviour would be very favourable if found on ITER, since it would relax

power loads on the outer targets. At present, there is no explanation for this asymmetry, though it is

not a function of pedestal collisionality. Similar observations on ASDEX Upgrade indicate that the

asymmetries are related to current flow through the divertor targets [40].

Particle-in-cell simulations of parallel ELM transport under JET-like conditions have been improved

considerably over earlier efforts, notably with reduced shortening parameters and increased grid

resolution. For a range of WELM, there are rapid variations in the divertor target sheath heat transmission

factors, β, during the ELM event, particularly for electrons, exceeding classical values by up to 2

orders of magnitude. However, since only about 30% of the ELM energy is carried by the electrons,

only at the highest WELM are the peak target power flux densities significantly overestimated if, as is

common in edge fluid code simulations, ≥ is assumed constant through the ELM.

A model of the ELM as a series of toroidally rotating, field-aligned filaments is supported by

Langmuir probe measurements of plasma flux, Te and hot ion flux in the far SOL [41]. Further evidence

is provided by a new wide angle IR camera system, which has observed helical stripes of power
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deposition during ELMs on the main chamber and upper dump plate surfaces [39]. Whilst Te in the

ELM filament is lower on reaching the wall than at the pedestal, ions arrive with energies characteristic

of the pedestal. This is expected on the basis of a new transient model of ELM filament energy loss

which matches probe data in the far SOL, as well as the measured values of the SOL decay lengths

during ELMs for prescribed radial propagation velocities [41]. If the latter scale with ELM amplitude,

as predicted on the basis of an event driven by interchange motions, the model also reproduces the

observed trend on JET for larger ELMs to deposit less energy in the divertor [39].

3.2. SMALL ELM REGIMES WITH PLASMA SHAPING

In view of the high power loadings that would result from Type I ELMs in ITER, it is essential to

develop the ITER baseline scenario towards one with more benign ELMs. Type III ELMs, such as

obtained with impurity injection, are usually accompanied by a reduction in confinement which becomes

marginal when extrapolated to ITER and requires further qualification. Plasma shape can also affect

ELM behaviour and, in the 2006 quest for intrinsically benign ELMs with high confinement, a stationary

regime, which resembles closely the Type II ELMy regime of ASDEX Upgrade, has been produced

on JET. This was achieved by matching the plasma shape closely to the quasi-double-null geometry

of ASDEX Upgrade, with increased δL and decreased δU, being possible with the new divertor on

JET. Experiments are now underway to resolve the detailed access requirements and behaviour of

these benign ELM regimes, testing in particular the role of proximity to double-null, ν*, βp and q95.

In addition, experiments foreseen for early 2007 will include variation of the Toroidal Magnetic Field

Ripple in order to assess its effect on ELMs and confinement [42].

3.3. MATERIAL MIGRATION AND FUEL RETENTION

Material migration in the edge of the JET plasma has been inferred from analyses of tiles removed in

2004 (which show strong net deposition on all inner divertor tiles), Quartz MicroBalance (QMB)

measurements, and dedicated H-mode experiments in which 13C, injected from the outer divertor,

is found in the inner divertor (Fig.11). This is consistent with upstream transport and SOL flow towards

the inner divertor.

Material deposition on the inner divertor, evaluated for the first time by metallographic cross-

sections of tiles covered originally by 3µm tungsten has been estimated at ~600g, with 60g being in

the louvre region and the rest on tile surfaces, corresponding to an average deposition ~7.2mg/s [43,

44]. The layer is 10-70µm thick on Tile 1, up to 300µm on the inclined Tile 4 (due to transport from

the strike-point on the inner vertical tiles). The outer vertical tiles, particularly Tile 7, shows heavy

erosion. Tile 6 also shows heavy deposition ~380g. Due to surface roughness, the erosion is

inhomogeneous over 10-30µm, with adjacent regions showing partial or complete W erosion. Modelling

shows that this results from carbon sputtering, with the maximum net erosion of 7µm being in fair

agreement with experiment. The total integrated fuel retention in the divertor in co-deposited layers is

estimated to be ~42g, compared with an integrated fuel input of 1800g, yielding a 2.7% retention [45].
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This is a lower limit since it does not include retention in the main chamber, Tile 5 (to be analysed), or

tile gaps [46], but these are not expected to increase retention by more than 50%.

Campaign-integrated data from a QMB removed from the inner divertor louvre region in 2004 and

new pulse-resolved data from a poloidal set of QMBs confirm that plasma configuration largely

determines material deposition on a QMB. In ELMy H-modes, up to ~5×1016 C atoms/cm2s are

deposited on the inner divertor QMB if the strike-point is located on Tile 4 (direct line-of-sight to

QMB), and is significantly lower for L-modes. New data show that the region near Tile 5 is deposition-

dominated or erosion-dominated, dependent on whether the strike-point is on Tile 3 (direct line-of-

sight to QMB) or Tile 4, consistent with previous experiments. Modelling with the ERO code also

shows the importance of the strike-point location for deposition on the QMB. Furthermore, the QMB

removed in 2004 shows a pure carbon deposit with a layer density of 0.95g/cm3 and indicates fuel

release due to heating of the QMB crystal.

Immediately prior to the last shutdown 13C-marked 13CH4 was injected between Tiles 7 and 8

(Fig.11) into the outer SOL during 32 consecutive identical Type I ELMy H-mode discharges, which

had strike-points on the vertical targets. The 13C deposition shows ~20% on the outer divertor tiles

(most just above the strike-point on Tile 7) and ~7% on the inner divertor tiles. 13C was also found on

a fast reciprocating collector probe at the top, low-field side of the poloidal cross section, demonstrating

material migration around the main plasma from the outer to inner divertor. Transport through the

private flux region to Tile 6 and, possibly to Tile 4, was also observed. 13C is not found in the shadow

of these tiles, in agreement with QMB data which show transport to such remote areas taking place

mainly when the strike-point is on the horizontal target.

EDGE2D modelling of injected 13C shows long-range carbon migration between ELMs which is

suppressed during ELMs due to increased divertor temperature, higher ionisation and local redeposition.

The model includes increased transport to simulate ELMs, no carbon re-erosion, and a high SOL flow

imposed to match measurements. The modelled 13C deposition indicates that most (98%) of the

injected 13C is deposited on the outer target with a few percent reaching the divertor via the main

chamber SOL and the private flux region. The high SOL flows measured are also reproduced by a 2-

D electrostatic turbulence code (ESEL) which simulates the observed strongly intermittent turbulent

transport. The ne, Te and vorticity profiles are evolved together with the fluctuations. Parallel losses in

the SOL are described by sub-sonic advection and classical thermal diffusion, while perpendicular

fluxes are driven by Pfirsch-Schlueter neoclassical diffusivity. Simulations of ohmic plasmas show

that ne and Te decay in the SOL faster near the separatrix, in fair agreement with measurements in

both near and far SOL. The turbulent fluxes are two orders of magnitude higher than collisional

values and, in agreement with measurements, Mach numbers M~0.2 are predicted for the toroidal

field independent component of the parallel flows [47].

4. R&D FOR AN ITER-LIKE WALL ON JET

In order to test the suitability of the first wall materials foreseen for ITER with regard to power and
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particle loadings, the installation of an ITER-like Wall is planned on JET. This comprises a full

replacement of the first wall with beryllium for the main chamber walls, bulk tungsten for the Load

Bearing Septum Replacement Plate (LBSRP) and tungsten-coated CFC for the remaining divertor

tiles. A significant level of R&D has been undertaken in order to select appropriate coatings. 14

different types of W coatings [48], including chemical vapour deposition (CVD; 4, 10, 200µm),

physical vapour deposition (PVD; 4, 10µm) and vacuum plasma spraying (VPS; 200µm) have been

tested at power loadings from 4MW/m2 in 6s to 22MW/m2 in 1.5s. The surviving 9 coatings were

exposed to 200 high heat flux pulses. The different and anisotropic thermal expansion between CFC

and W often led to cracking perpendicular to the fibres, inducing de-lamination by buckling along the

fibres, melting and partial loss of coating. A 200om VPS coating and a 10om ion-assisted magnetron

sputtered layer behaved best, and these were exposed also to 1000 cycles at 0.35GW/m2 (in the

electron beam facility, JUDITH) to simulate medium-sized ELMs on JET. The minimisation of

electromagnetic forces during disruptions and optimisation of mechanical stability drove the design

of the bulk W LBSRP tiles and led to the choice of 6mm W lamellae, packed in 4 poloidal stacks and

bolted in the toroidal direction with electrical isolating spacers to reduce eddy currents. Each lamella

is in direct electrical contact with the support structure to reduce halo current forces and avoid arcing.

A prototype has survived 200 cycles with 7MW for 10s and a failure test with 10MW for 14s in which

the temperature exceeded 3000oC. There has also been R&D on Be coatings on Inconel tiles to ensure

reduced impurity influxes from the inner wall and upper dump plate claddings, and on marker coatings

on bulk Be limiters for the assessment of erosion.

SUMMARY AND CONCLUSIONS

JET results since the last IAEA Conference continue to be significant for ITER and re-enforce the

planned upgrades foreseen for the JET Facilities, in particular, the power upgrades (ITER-like ICRH

antenna and NB, increasing the total input power from ~30MW to ~45MW) and the ITER-like wall.

Coordinated multi-machine experiments have provided further insight into the ν* and β dependencies

of global energy confinement, and new scalings produce an improved fit. However, uncertainty in

extrapolation to ITER still exists, but this could be reduced with higher power operation, such as

planned on JET. A density peaking factor greater than 1.3 is predicted for ITER. This could off-set a

lower-than-expected density limit, but increases the likelihood of impurity accumulation. The ITERlike

ICRH antenna will permit this scaling to be extended to higher power with lower fuelling, and offers

the opportunity to develop further impurity, sawtooth and NTM control for ITER. Temperature profiles

are found to be determined largely by thresholds in R/LT, and the higher temperatures in ITER will be

determined even more closely by thresholds. The power upgrades will allow the range of R/LT to be

extended, and its scaling to be studied. New diagnostics, together with precise experiments, have

provided insight into the thresholds for Alfvenic instabilities and the consequences for fast particle

redistribution, MHD, turbulence stabilisation and wall loading for ITER. Power and diagnostic upgrades

will extend understanding and the capability to control fast particle MHD activity and transport losses
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by localised current drive, concentrating on the key role of rational magnetic surfaces and E×B shear

flows in the formation of an ITB. AT and Hybrid operation has been extended to higher power, and

with more benign ELMs. The power upgrades offer the opportunity of entering an ITER-relevant AT

regime in which both bootstrap current and fusion performance increase together. New diagnostics

and modelling provide insight into the origin and consequences of ELMs. Divertor power asymmetries

during ELMs may relax power loads on the outer targets of ITER. Material migration in the edge of

ITER is expected to be similar to that on JET, with erosion of the outer divertor, strong parallel flow

in the SOL, deposition on the inner divertor, and sensitivity to magnetic configuration. Fuel retention

at the level of 3-4% is found on JET under carbon-dominated conditions. All these results re-enforce

the need to test ITER wall materials under high performance conditions, as is foreseen in the longer-

term JET programme in support of ITER.
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Figure 1: Multi-machine data showing increasing density peaking with decreasing effective collisionality, νeff, which
is 6×10-2 for ITER.

Figure 2: (a) Ni impurity density profiles and (b) convection coefficient profiles with ICRF minority heating (MH;
red), and mode conversion (MC; blue). With MC heating, the Ni accumulation in the core is reduced greatly.
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Figure 5: Amplitude (red) and phase (blue) of a propagating heat wave in a JET discharge with an ITB, showing the
ITB as a narrow layer with reduced heat diffusivity.

  

30

20

10

Low

High

6 10 14 18

Time(s)

Low High HighLow

Pulse No: 66378(a) Particle losses (a.u.)

JG
06

.2
76

-3
c

(b) t=15.875s

Larmor
radius

Larmor
radius

Pitch angle Pitch angle

t=15.975s(c)

240

250

230

220

-5

0

5

11

-11

210

200

190
10.6 11.0 11.410.2

F
re

qu
en

cy
 (k

H
z)

To
ro

id
al

 m
od

e 
nu

m
be

r

Time (s)

JG06.276-4cPulse No: 66203

Figure 3: Scintillator probe data showing difference in
distribution of fast particles in Larmor radius (energy)
and pitch angle, arriving at the first wall (a) between and
(b) during a sawtooth crash.

Figure 4: Tornado modes observed with magnetic
diagnostics. The existence of positive and negative
toroidal mode numbers shows mode propagation in the
co- and counter-current directions.

20

50

100

150

200

0

40

0

60

3.2 3.4 3.63.0

A
 (e

V
),

 P
R

F
 (

10
2 

M
W

/m
3 )

R (m)

MC

FW

ϕ 
(d

eg
)

Pulse No: 62077 JG06.276-5c

http://figures.jet.efda.org/JG06.276-3c.eps
http://figures.jet.efda.org/JG06.276-4c.eps
http://figures.jet.efda.org/JG06.276-5c.eps


16

Figure 7: Progress in increasing performance in JET AT discharges, including recent results following power
upgrades and the installation of a new divertor for high triangularity operation.

Figure 6: (a) Poloidal velocity profile and (b) ion temperature profile during the development of an ITB, showing
that the poloidal velocity at the ITB reaches ~60km/s, significantly higher than neoclassical values.

-100

-80

-60

-40

-20

0

20

3.2 3.4 3.6 3.8

V
θ 

(k
m

/s
)

Rmid (m)

t = 4.0s

t = 4.5s

t = 5.5s

t = 6.5s

JG
06

.2
76

-6
a

Pulse No: 58094

0

5

10

15

20

25

3.2 3.4 3.6 3.8

T
i (

ke
V

)

Rmid (m)

t = 4.0sITB

t = 4.5s

t = 5.5s

t = 6.5s

JG
06

.2
76

-6
b

Pulse No: 58094

1

2

3

4

5

0

6

5 10 15 20 250 30

W
di

a 
(M

J)

PNBI + PICRH + PLHCD + Pohm (MW)

ITER-AT (2006)
LUD & LHCD prelude (2006)
LUD & ICRH prelude (2006)
2000-2004

5 ≤ q95 ≤, δ > 0.3, Bo > 3T, τ/τE > 10

JG
06

.2
76

-7
c

http://figures.jet.efda.org/JG06.276-6a.eps
http://figures.jet.efda.org/JG06.276-6b.eps
http://figures.jet.efda.org/JG06.276-7c.eps


17

Figure 8:  (a) Time traces of an Advanced Tokamak discharge in the LUD configuration and (b) density and temperature
profiles close to the time of peak neutron rate (closed symbols) and, as a reference, the temperature profile prior to
ITB formation (open symbols).

Figure 9: Alfvén cascades observed with the X-mode
reflectometer, using new low-attenuation waveguides.

Figure 10: Energy deposition asymmetry in favour of the
inner target during Type I ELMs. Ip and Bϕ are in MA
and T respectively.
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Figure 11: Material migration and deposition pattern for 13C injected into the outer divertor in a dedicated series of
ELMy H-mode discharges.
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