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ABSTRACT.

Scientific and technical activities on JET focus on the issues likely to affect the ITER design and

operation. The physics of the ITER reference mode of operation, the ELMy H-mode, has progressed

significantly: the extrapolation of ELM size to ITER has been re-evaluated; NTMs have been

shown to be meta-stable in JET, and can be avoided via sawtooth destabilisation by ICRH; α-

simulation experiments were carried out by accelerating 4He beam ions by ICRH, providing a new

tool for fast particle and MHD studies with up to 80-90% of plasma heating by fast 4He ions. With

or without impurity seeding, quasi-steady sate high confinement (H98=1), high density (ne/nGR =

0.9-1) and high β (βN =2) ELMy H-mode has been achieved by operating near the ITER triangularity

(δ~0.40-0.5) and safety factor (q95~3), at Zeff~1.5-2. In Advanced Tokamak scenarios, internal

transport barriers are now characterised in real time with a new criterion ρ*T; tailoring of the

current profile with LHCD provides reliable access to a variety of q profiles, with significantly

lowered access power for barrier formation; rational q surfaces appear to be associated with ITB

formation; Alfven cascades are observed in RS plasmas, providing an identification of q profile

evolution; plasmas with “current holes” were observed and explained by modelling. Transient high

confinement Advanced Tokamak regimes with H89 = 3.3, βN = 2.4 and ITER relevant q<5 are

achievable in reversed magnetic shear. Quasi-stationary internal transport barriers are developed

with full non-inductive current drive, including ~50% bootstrap current. Record duration of ITBs

was achieved, up to 11 s, approaching the resistive time. Pressure and current profiles of Advanced

Tokamak regimes are controlled by a real time feedback system, in separate experiments. The

erosion and co-deposition data base progressed significantly, in particular with a new quartz-

microbalance diagnostic allowing shot by shot measurements of co-deposition.

1. INTRODUCTION

With its divertor configuration, plasma size, heating and current drive capabilities, Tritium and

Beryllium capabilities, and diagnostic systems, the JET device can access a wide range of operating

regimes in conditions closest to those of a burning plasma experiment. Prior to and during the

design phase of ITER, JET produced major contributions to the ITER Physics Basis [1] used to

extrapolate plasma performance to ITER. In the last two years, these capabilities were further

exploited, focusing on issues critical to finalise the details of the ITER design and prepare its

operation. This shaping capability has been extended toward plasma shaping very close to that of

ITER, in particular with high triangularity, δ ~0.5, achieved at up to 2.5 MA (higher current requires

higher power than presently available for relevant experiments). This shaping capability has been

further extended late in 2001, following the removal of dome and septum from the MarkII-GB

divertor. Operating at or near the foreseen ITER plasma shape has proven essential, due to the

strong effect of parameters like triangularity on ELMs, ELMy H-mode performance at high density

and advanced modes. ITER operational scenarios can be optimised in a highly relevant and consistent

range of parameters simultaneously achieved (δ, κ,q95, as well as ρ*, ν* etc.). In addition, diagnostics
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capabilities have been improved, with new or upgraded systems commissioned in the last 2 years,

such as correlation reflectometry, Electron Cyclotron Emission (ECE), quartz microbalance,

improved Motional Stark Effect (MSE), shape controller upgrade, halo current diagnostics and

pellet spectrometers. The real time control system has been developed, and proved to be successful

in demonstrating the capability to control pressure or current profiles of plasmas with Internal

Transport Barriers.

This overview paper presents only a selection of recent JET results, concentrating on advances in

the two main operating regimes foreseen on ITER, the ELMy H-mode and Advanced Tokamak

scenarios. New results on material migration and co-deposition are also presented. More details, as

well as other results, can be found in accompanying presentations at this conference [2, 3, 4, 5, 6, 7, 8,

9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19]

2. ELMY H-MODE

One of the key scientific programmes conducted on JET is dedicated to further consolidating the

ITER reference scenario, the ELMy H-mode [20,21]. ELM studies are presented in section 2.1,

followed in section 2.2 by key MHD and fast particle issues, such as NTMs and α-simulation

investigated in ELMy H-modes.Section 2.3 summarises performanceachievements: high

confinement at high density and high β.

2.1. EDGE LOCALISED MODES (ELMS)

Dedicated studies have investigated ELM size scaling [2], power loads at the divertor target [3],

techniques for ELM amelioration and mitigation [4], MHD stability and characteristics of ELMs in

Advanced Tokamak scenarios. The new expectations for Type I ELMs in ITER now span the tolerable

range.

2.1.1. Scaling of ELMs with pedestal characteristics, ITER predictions

A high quality dataset of well-documented discharges in Type I ELMy H-mode indicates that ELM

size is governed by plasma characteristics at the top of the pedestal, while ELM frequency is governed

by inter-ELM transport [2]. The JET data also contributed to a revision for estimates of ITER

tolerable ELMs [22,3].

Characterisation of the pedestal region in JET ELMy H-mode with Type I ELMs shows that

typically the plasma pressure collapses in about the outer 15-20% of the outer plasma minor radius

in a ~200µs time-scale. Increasing the ne,ped decreases the relative drop in Te,ped (conductive ELM

loss) but not in ne,ped (convective ELM losses). For some configurations Type I ELMs are identified,

in which the ELM energy losses are purely convective [23]. New results at high δ in JET experiments

have shown a break of the relation between Type I ELM frequency and size with increasing pedestal

density, as illustrated in Fig.1. At high ne,ped a decrease of fELM is observed together with a slight

decrease of ∆WELM. This anomalous behaviour of the Type I ELM frequency is associated with an
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enhanced level of fluctuations in-between Type I ELMs with similar characteristics to those seen in

Type II ELMs [24]. The anomalous ELM behaviour has been instrumental in demonstrating that

the ELM energy loss is determined by the values of the pedestal plasma parameters while the ELM

frequency is a consequence of the in-between ELM transport. An empirical correlation was found

between the normalised Type I ELM energy loss (to the pedestal energy), ∆Wped/Wped, and the

pedestal plasma collisionality, for a large range of plasma conditions, as shown in Fig.2. Alternatively,

the ∆Wped/Wped data is also well ordered by the ion transit time along the connection length, τ||ion,

calculated with ion pedestal values. This could be related to the impedance for heat flux through the

divertor target sheath during the ELM, and the connection of the pedestal plasma with the divertor

target along ”broken” field lines [25]. Estimates of expected divertor lifetime in ITER have been

reviewed and modified [22,3], as data from JET, other devices and material tests provided a more

refined basis for modelling of acceptable ELM power load on target components. Marked on Fig.2.

are the present estimates of the acceptable ELM energy in ITER, assuming either 60% or 100% of

plasma energy loss arrives at the target (50-80% observed at JET). The upper and lower values in

each range originate from differences in the assumptions of ELM power deposition and ITER

divertor target options [22].

2.1.2. Impurity seeding for ELM mitigation

ELM mitigation by impurity seeding has been demonstrated in JET [9,4]. With Ar, in Type I ELMy

H-modes, the increase in edge radiated power leads to a reduced target peak heat load, measured by

IR thermography of the divertor target plates. Ar seeding leads to a decrease of the ELM frequency

and a reduction in ∆WELM/Wped, correlated with a change of the pedestal parameters, as was shown

in Fig.2.

2.1.3. MHD stability of the H-mode edge pedestal

The stability of H-mode edge pedestals has been analysed considering medium to large n kink/

ballooning modes [26,24] and including stabilising diamagnetic effects [27]. In the second stable

regime for infinite n ballooning modes, the medium-n ballooning modes set the actual limit on the

pressure gradient: higher than 1st stability, but not second stable. Integrated transport/MHD modelling

is being used to study the effect of edge density on plasma collisionality and therefore on bootstrap

current and stability [5]. Study of ELM precursors and post-cursors and inter-ELM activity is on-

going [28,6].

2.1.4. ELMs in AT scenarios

Controlling ELMs is important in Advanced Tokamak (AT) scenarios, as large Type I ELMs can

destroy the ITB [29]. In typical AT discharges in JET, Type-III ELMs can be maintained at heating

powers exceeding the threshold for the Type-III to Type-I ELM transition in H-mode by a factor of

2 [30]. This observation lead to a study of the effect of current ramps in high (ITER-relevant)
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triangularity discharges, showing that the edge stability is modified and type I ELMs can be

suppressed in AT scenarios [7].

2.2. KEY MHD ISSUES IN ELMY H-MODE: NTMS, SAWTEETH AND α-PHYSICS EFFECTS

In ELMy H-mode discharges, core MHD can have an impact on confinement, which can, in

turn, depend on kinetic effects.

TABLE I: PERFORMANCE ACHIEVEMENTS IN ELMY H-MODE IN JET

High β, high power     High β, Ar seeding      ITER
      Pulse No: 53299 (Type I-II) Pulse No: 53550, Type I

H98(y,2)  0.91     0.96       1.0

βN,th  2.0      2.0       1.81

fGWD  1.1      1.0       0.85

Zeff  1.5      2.2       1.7

Prad/Ptot  0.4      0.7       0.58

κ, δ         1.74, 0.48  1.7, 0.4   1.84, 0.5

q95  3.2      3.1        3.0

τpulse /τE*   15      10       110

*Limited by technical constraints only.

In JET, it has long been known that MHD activity triggered by large sawteeth can reduce confinement.

Notably, during the JET DT campaign, sawtooth control raised fusion power by 30% from a saturated

value of 10MW. This was obtained by delaying the sawtooth crash (fine-tuning the gas puff rate),

and therefore avoiding confinement degradation. Recent modelling shows that fast particle

stabilisation lead to larger sawteeth, triggering NTMs and reducing confinement in these fusion-

relevant plasmas [31]. This lends credibility to α-simulation, discussed later in this section, where

equivalent evolution is observed.

Concern about the effect of NTMs on confinement in ITER prompted a series of studies in JET

on NTM stability, in ELMy H-mode plasmas [8,32]. An important result is that, for typical H-mode

conditions in JET, the plasma is meta-stable to NTMs [33]– i.e. a sufficiently large perturbation

will induce an NTM (usually m=3, n=2). Most commonly, the NTM seed perturbation is a sawtooth,

suggesting the opportunity for NTM control via control of the sawtooth seed. Detailed scans have

shown that current drive from 2 nd harmonic ICCD, when located just inside the sawtooth inversion

radius, causes small frequent sawteeth. In a seminal experiment, this sawtooth control has been

exploited to raise the 3/2 NTM β-limit in JET discharges up to βN = 3.6 [34].
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The ρ* scaling of the onset βN value for the appearance of the NTM is important for prediction of

NTM behaviour in ITER. The range of ρ* values has been extended to ~1.5 of ITER in JET by NTM

seeding with long period sawteeth (mainly due to ICRH). The NTM onset βN value for various devices

is plotted in Fig.3 vs. ρ* (derived from [35]), illustrating the importance of developing NTM control

strategies for ITER

On-axis ion cyclotron resonance heating (ICRH) of neutral beam injected 4He ions (3rd harmonic)

produced a high-energy population of 4 He ions which simulate 3.5 MeV fusion-born alpha particles

[36]. Strongest tails were created with highest energy 4 He seed beams, as expected. In these stationary

plasmas, fast 4He provided up to 80-90% of plasma heating. The successful acceleration of 4He beam

ions to the MeV energy range was confirmed by measurements of gamma ray emission from the

reaction 9Be(β,nγ) 12C [37] and excitation of Alfvén eigenmodes [38,10], and was consistent with the

observed heating of the background electrons and sawtooth stabilisation, providing yet another example

of the interconnection between the various physics events: fast particles stabilise sawteeth, which

acquire large amplitude, trigger NTMs, and confinement is degraded [see 8]. This scheme can now be

used in forthcoming JET campaigns with 4He plasmas for dedicated alpha-particle studies.

2.3. INTEGRATED ELMY H-MODE SCENARIOS

High performance ELMy H-mode integrated scenarios have been achieved with various methods

[20, 9], as displayed in Table I.

2.3.1. High confinement at high density, achieved with high triangularity, high power

Experiments studying the beneficial effect of triangularity [24] and high heating power [39] on

confinement have confirmed and extended earlier results, demonstrating high H factor at high density,

see Table I. These discharges have single lower null, with ion grad B drift towards the X-point,

standard q profile, NBI heating and gas fuelling. Significantly, the separatrix geometry was similar

to that envisaged for the standard Q =10 operation in ITER, with average triangularity δ ~0.45–0.5

and elongation κ ~1.75. Figure 4 illustrates the beneficial effect of high triangularity on confinement

at high density, up to the Greenwald density (nGR).

In those high delta, high density, plasmas, a decrease of the Type I ELM frequency with density

is observed, associated with high pedestal density: nped.≥70%nGR. The reduction of fELM is associated

with high frequency fluctuations in the Dα emission (and enhanced Dα baseline level) in the inter-

ELM period, accompanied by the appearance of a characteristic broadband MHD turbulence and

by an increase of the density fluctuations in the pedestal region. This inter-ELM activity is also

associated with high pedestal pressure and increased plasma power losses (See Section 2.1.1). The

comparison with results from AUG [40] suggests that those high frequency Dα oscillations could

be identified as Type II ELMs. Plasmas where Type I and Type II ELMs coexist are also observed

in both AUG and JT-60U [41], when the critical parameters for the complete suppression of Type I

ELMs are approached.



6

2.3.2. Impurity seeding

Stationary high performance phases (up to 12 τE) have been obtained with impurity seeding,

simultaneously satisfying or exceeding the ITER Q = 10 ELMy H-Mode requirements for H989(y,2),

fGWD and βN [9], as shown in Table I. In low β plasmas, with the X-point on the septum, there is a

pronounced peaking of the electron density profile. In high δ plasmas, the formation of a radiating

belt inside the separatrix has been clearly established with high radiative power fractions up to

70%. Central impurity accumulation was avoided by application of ICRF heating, maintaining the

safety factor on axis below 1, so sawteeth expelled impurities [42].

2.3.3. High confinement at high density, obtained by pellet injection

An optimized pellet sequence has been developed, consisting of a first phase where the density is

increased (while allowing a small confinement loss) followed by a second phase minimizing the

particle flux in order to maintain the density and to recover confinement. In this way, simultaneously

H98(y,2) ~0.8 with βN > 1.8 and fGWD ~1 have been reached, albeit not yet under stationary conditions.

The plasma density profile shows a large peaking with n/nped = 2 and a decrease of Zeff to about 1.7

is obtained at the highest densities reached [43].

2.3.4. Density peaking

Long time-scale density peaking has been observed in JET plasmas leading to densities exceeding

the Greenwald value [44]. These neutral beam heated discharges are characterised by type-I ELMs

and good energy confinement. The central density is limited by NTMs or by termination of the H-

mode, preceded by loss of sawteeth. When these limiting factors are avoided (i. e. at intermediate

power level and with optimisation of gas puffing) quasi-stationary high density plasmas with peaked

density profiles are obtained. Whether the peaking is associated with an anomalous pinch is an

issue still being investigated.

2.3.5. Scaling laws

The influence of peaking, triangularity and proximity to the Greenwald limit on energy confinement

scaling has been investigated and has a minor effect on confinement predictions for ITER (<10% in

τE) [45]. A set od‚experiments in He [46] (with a purity CHe/CD = 85%) added to our knowledge of

the scaling of confinement with Z: τE  ∝ Z-0.59. The L-H threshold power in He plasmas shows the

same Bt and ne dependence as in D plasmas, but is 50% higher in absolute value.

A two term scaling law has been developed in the frame of the ITPA H-mode database working

group. The best fit for an ELMy-H mode is compatible with an L-mode core and a pedestal

confinement that depends sensitively on β. This finding is not compatible with strongly stiff profiles

since in this case the central temperature is proportional to the pedestal height. The question of

stiffness has been investigated on both experimental [11,17] and theoretical sides. ICRH modulation

experiments with mode conversion in L mode show the existence of a threshold for electrons [12].
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For ions evidence has been obtained from steady-state profiles in H mode [47]. In general a transport

model based on a critical gradient gives a satisfactory prediction of confinement, but with a moderate

stiffness factor. The global confinement time obtained with the values of instability threshold and

stiffness factor found in JET is compatible with the ITPA two term scaling law.

2.4. FUTURE PLANS, IN ELMY H-MODE REGIMES.

The plasmas shown in Table I demonstrate net progress towards the ITER targets, together with

encouraging developments in ELM scaling. Extensions of ELMy H-mode studies to plasmas with

higher currents, fields and heating powers and longer flat-top duration are planned. Plasmas with

higher absolute densities and nearer to ρ* ITER can be developed, testing the limits of high performance

regimes, enabling studies of Type I ELM scaling at low, ITER-like, collisionality, and of NTM scaling.

New plasma configurations with ITER values of κ and δ have already been developed and tested with

current up to 2.5 MA. The estimated disruptive force implies that such plasmas can be explored, up to

4MA/4T, when more auxiliary power becomes available. NTM control techniques will be tested.

Work on Type II ELM regimes will continue.

3. ADVANCED TOKAMAK RESEARCH ON JET

The ultimate goal of Advanced Tokamak (AT) research is to provide steady-state operational regimes

with possibly improved fusion performance. These modes are candidate for the steady-state operation

of ITER [1]. Presently, AT research on JET is mainly focused on plasmas with internal transport

barriers (ITBs) [48,7]. In section 3.1 experimental and modelling progress in ITB physics is reported.

In section 3.2 the achievement of high performance and of long pulse ITB plasmas is presented.

The demonstration of real-time control of pressure and current profiles is reported in section 3.3.

3.1. INTERNAL TRANSPORT BARRIERS PHYSICS

A novel criterion for characterisation of ITBs: barrier formation and strength are operationally

characterised in JET by ρ*T = ρs /LT (ρs: ion Larmor radius, at the ion sound speed, LT: local Te

gradient length). Analysis of the JET ITB database and of a set of turbulence simulations led to the

ITB onset criterion ρ*T>0.014 [13,49]. ρ*T can be computed in real time, characterising ITB

formation and evolution (see Fig. 5), and providing an input for real time control (section 3.2).

LHCD aids current profile shaping:the coupling of the Lower Hybrid wave in all type of plasmas

was greatly improved by puffing CD4 near the launcher and matching the plasma shape [50, 51, 52].

Further optimisation led to dramatic increase in the availability of the LH system, with power levels

in the 3-4 MW range routinely coupled to high power 15-20 MW plasmas. LHCD became an efficient

tool to access ITBs and control them through off-axis current drive. Off-axis co-LHCD in the prelude

phase (current ramp up) of JET plasmas easily and reliably provides magnetic shear reversal, providing

target plasmas with appropriate current profile often exhibiting an early “electron barrier”. The current

profile is then “frozen” by the application of heating (NBI, ICRH) and ITBs develop.
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Current Holes: the Motional Stark effect measurements (MSE) of the poloidal magnetic field [53]

showed plasmas with essentially no toroidal current density in the core of JET ITB discharges (a

region of up to 20 cm diameter). These where explained as an effect of the non-inductive, off-axis

co-LHCD, which induces a negative voltage in the plasma core. Similar “current holes” were

observed in JT-60 but driven solely by NBCD and bootstrap [54,55]. The core current density does

not appear to become negative (error bars on plasma core current are ±10-20 kA), although current

diffusion calculations indicate that there is sufficient core negative voltage to cause current reversal

[56]. This apparent clamping of the core current density near zero is consistent with n=0 reconnection

events redistributing the core current soon after it goes negative, as shown in reduced resistive

MHD simulations in cylindrical geometry [57] and in 2-D nonlinear resistive MHD simulations in

toroidal geometry [58].

Rational q surfaces and transport barriers: a careful analysis of both low shear and reversed shear

ITBs demonstrates the key role played by the q-profile itself and, in particular, by the presence of

q = 1, 2 or 3 surfaces in the plasma edge and core [14]. The formation of low shear ITBs is well

correlated with the occurrence of rational edge-q values [59]. With reversed magnetic shear,

experimental evidence (including Alfvén cascades, see below) also suggests a link between the

appearance/development of an ITB and rational q surfaces (e.g. qmin = 2) entering the plasma core

[60], as shown in Fig. 5. Possible explanations are put forward: coupling of MHD modes located at

rational q surfaces can generate stabilising velocity shear; gaps in the density of rational surfaces near

rational q surfaces can have a stabilising effect on low wave number ITG/TEM turbulence [13,14].

Alfvén Cascades: in reversed shear ITB plasmas cascades of Alfvén modes sweeping upwards in frequency

have been observed, as previously in JT60-U [61, 62Ref: JT-60, JET]. Each cascade consists of many

modes, driven by ICRF-accelerated ions. These Alfvén cascades have been interpreted in terms of a

novel-type of Energetic Particle Mode [63,64,65] localised at the point where q(r) has a minimum. The

frequency of the Eigenmode tracks the evolution of qmin, which opens the possibility of Alfvén

spectroscopy measurement of q(r, t) [66]. Indeed Alfvén cascades are now used as an auxiliary rational

q measurement on JET, as well as identifiers of shear reversal. The intrinsic interest of TAEs and cascades

in potential steady state burning plasmas is being explored by various groups [10,38,67].

3.2. HIGH PERFORMANCE AND STEADY STATE ITBS

High performance ITBs: in transient states, reversed shear high performance plasmas with wide

ITBs (r/a~0.6) have been achieved. The stronger ITBs are triggered when qmin reaches 2, and within

experimental uncertainties, ITBs are detected simultaneously, and at the same location, in electron

and ion temperatures (Te and Ti), density and plasma rotation profiles. With reversed magnetic shear,

the access power is low, and βN and the fusion yield for given input power is high. The parameters of

one of the highest performance ITB plasmas are shown in Table II [68]. Notably βN = 2.4, and

q95 = 4.9, with 2.5 MA of plasma current. The current profile is broad, maximum available heating

(4MW ICRH and 17MW NBI) was used. Density peaking leads to impurity accumulation [15]. In
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this case, the transient high performance phase ends with a large ELM followed by a disruption.

(global pressure n=1 kink mode instability).

Record long pulse ITBs: by tailoring the internal plasma profiles to keep confinement and stability

under control, the duration of ion ITBs could be prolonged to up to 7.5 seconds of plasma flattop,

corresponding to 27 × τE [69,70,7]. The discharge parameters are presented in Table II. This is a

record duration for an ion ITB in JET. In this case, an electron ITB was formed during the ramp-up,

and had an overall duration of 37 × τE. In this long duration ITB discharge, the fusion performance is

lower than in transient cases (see Table II), while the non-inductive current fraction was much larger.

Radiative or MHD core collapses of the ITB are observed: plasma pressure, toroidal rotation and

electric fields collapse on a fast time scale. Surprisingly, the ITB is reformed immediately after the

collapses. The implication, supported by turbulence simulation studies, is that as long as the q profile

is not affected by the collapses, it remains favourable for ITB formation, and the ITB will re-form. At

a slightly lower plasma current of 1.8MA full non-inductive current drive was realised [7].

Development of real time control tools: achieving steady-state real-time control of ITBs requires

diagnostics allowing a reliable characterisation of the key parameters and appropriate actuators.

The new ITB criterion ρ*T is used to characterise ITBs in real time, interfero-polarimetry provides

a q profile measurement and the neutron production rate characterises ITB plasma performance.

All these real time measurements are used as input values for the new Real Time Control System.

The main actuators used are the three heating systems, LHCD, NB and ICRH, all having different

(but coupled) effects on ITB behaviour.

TABLE II: ADVANCED TOKAMAK SCENARIO DEVELOPMENT ON JET

1 

2.1

1.7

90%

50%

5.5

23%

0.65 = (4/6.2) 1019

27, ~1

0.8, 0.5

Type III ELMs

HH (IPB98y-2) (thermal)

HITER 89 L-P

βN

INon-Inductive/Ip

Iboot/Ip

q95

Prad / Ptot

nio / neo

τ/τconf., τ/τresistive (*)

neo/nGW, nel/nGW

Edge

1.9

3.3

2.4

55%

40%

4.9

15%

0.7= (3.85/5.5) 1019

2, ~0.1

0.65, 0.35

 Type III ELMs 

>1.5

>3.0

100%

>60%

4.5

75%

nel/nGW > 0.6

Mid ELMs

 High Performance
(Pulse No: 51976, t = 6.8s,
Ip = 2.5MA, Bt = 3.45T)

Long pulse
(Pulse No: 53521, t = 10s,
Ip = 2.0MA, Bt = 3.45T)

ITER Target
as derived from ITER

design basis1
JET ITB

JG03.07-18

(*)τ = duration of ITB regime; τ
resistive

 is calculated at the ITB foot-point
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Demonstration: real time control of pressure and current profiles. The above-mentioned tools have

been used in a first series of real time feedback demonstrations, based on the largely non-inductive

long pulse discharges described above. Pressure profile and barrier strength control is illustrated in

Fig.6. Having established an appropriate target current profile, reliable and reproducible ITB

operation is achieved by controlling the neutron yield by NBI heating, while ICRH is used to act on

the maximum electron temperature gradient directly [71]. The LHCD is maintained in a pre-

programmed way to provide a broad q-profile ensuring core confinement and stability. During the control

phase, the plasma parameters of the discharge are fairly stationary with mild and continuous ELM

activity. Thanks to the real time control of the ITB characteristics, the improved confinement state is

maintained in a reproducible and stationary manner, e.g. avoiding the occurrence of core collapses. In

separate experiments, it has also been shown that the LHCD feedback can be used in conjunction with

real time measurement of q to maintain a desired q profile fixed for several seconds [72]. These

demonstrations open the path toward fully controlled steady state Advanced Tokamak plasmas.

3.3. THE FUTURE: HIGH PERFORMANCE IN STEADY STATE.

The plasmas shown in Table II demonstrate net progress towards the ITER target of steady state

plasmas. To achieve steady-state high fusion performance, the current and pressure profile must be

controlled simultaneously, the density must approach the Greenwald value, impurity accumulation

must be avoided or controlled, bootstrap must be high (high pressure and high power), and edge

radiation must be increased, or the SOL broadened. Operation in ITER-like triangularity, made

possible by the recent divertor modification, contributes to make the results more directly applicable

to ITER prediction.

4. EROSION AND CO-DEPOSITION

Erosion and deposition constitute one of the key topics in preparation of ITER operation, as they

influence the lifetime of divertor tiles and other plasma facing components (PFCs), and the in-vessel

tritium inventory. JET experiments provide a database against which models can be tested [16].

Tiles from the MkII-GB divertor were removed during the 2001 shutdown. Analysis of tile

surfaces [73,74] confirmed previous observations: the inner divertor is subject to net deposition of

plasma impurities (and retention of D and T). No comparable net erosion is observed in the outer

divertor, implying that the primary source of eroded impurities are main chamber PFCs. This analysis

shows that deposited films are enriched in Be and other metals, while carbon is chemically eroded

and transported to shadowed regions of the inner divertor [75].

Measurements made during the 2001 He campaign differentiate physical and chemical sputtering.

The main source of C in L-mode plasmas appears to be chemical sputtering at the inner divertor

and main chamber wall. In ELMy H-mode the situation is less clear, but the data points to a strong

physically sputtered C-source from the main chamber and outer divertor [76], while chemical erosion

dominates in the inner divertor in all cases.
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In ohmic plasmas, atoms of 13C were injected into the top of the JET vessel, at the end of the

MarkIIGB operation (divertor temperature had been lowered to ~100ºC). About one-half of the injected
13C is found on the inner divertor tiles intersected by the SOL, and a negligible amount is found at the

outer divertor [73], consistent with previous findings. No 13C was found on shadowed regions of the

tiles, where otherwise thick carbon layers have built up in the past [75]. This may indicate a reduced

long range carbon transport due to reduced chemical erosion at lower operating temperatures [74], but

it might be also connected with the special (ohmic) plasma operating conditions [16].

First measurements of pulse resolved growth of carbon layers near the inner louver situated

inside the divertor pumping throat have been made with a newly developed quartz micro-balance

(QMB). This diagnostic is capable of measuring deposited layers at the mono-atomic layer level.

The average growth rate (deposited carbon atom on louver divided by total ion flux into the inner

divertor) was found to be of order 2 10-4 C/ion [77], 200 times smaller than previously estimated

from the DT campaign. A thorough investigation is underway to explain these differences.

5. TRITIUM TECHNOLOGY R&D

Special detritiation techniques are developed for components replaced during operations to allow

waste disposal under economically sound and environmentally safe conditions [78,79,80]. Water

detritiation techniques are also being developed: laboratory size plants with liquid phase catalytic

exchange (LPCE) column have been built to test the performance of various packing materials and

catalysts and to determine mass transfer for D and T between water and gas [81,82]. Design studies

of a water detritiation plant at JET are on going [83]. During the 2001 shutdown flakes from the

sub-divertor region of the tokamak were collected remotely to help reconcile the tritium balance at

JET [84,85].

6. DISRUPTION STUDIES

Thermal loads: The current ITER assumption for disruptions is that the energy from the thermal

quench is deposited in the divertor. Recent analysis shows that only a few percent of the thermal

and thermal plus magnetic energy can be accounted for in the JET divertor [86] and it is spread

rather uniformly. If the same applies in ITER, then the energy density within the divertor would be

below the level at which carbon ablation or tungsten melt layer formation are expected [3].

VDEs: Modelling of vertical displacement events (VDEs) in JET has improved, with a better

representation of eddy currents in the vacuum vessel. Now there is good agreement between

theoretical predictions of VDE evolution and experimental results: growth rates have been estimated

within an accuracy of 5% for plasmas with a growth time longer than 2ms [87,88].

Runaways: Regions of parameter space have been identified in which disruptions lead to runaway

generation in JET [89]. They appear when q95 and Bt exceed threshold values (ie Bt above ~2T), in

good agreement with observations on JT60-U [90]. The delay in runaway generation following the
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temperature collapse is found to be caused by the very high density generated by the disruption. It can

be concluded that avalanching is probably the dominant process in runaway electron formation in

JET and therefore runaway control techniques can be tested for ITER. Initial tests in this regime have

shown that it is possible to quench the plasma with large helium puffs without producing runaways.

7. FUTURE PLANS

The present plan of exploitation of the JET facilities for the years 2003 and 2004 foresees experimental

campaigns in 2003 and until February 2004. In 2003, two experimental campaigns are dedicated to

further develop ELMy H-mode and ITB modes, one campaign to Trace Tritium Experiments in

deuterium plasmas, one to reversed magnetic field experiments in deuterium. The last campaigns

before the 2004 shutdown is reserved for hydrogen and helium plasmas in particular to provide data

in preparation of ITER non-activation phase. From March 2004 a long shut down period is planned

for installation of enhancements.

The Trace Tritium Experiment (TTE) shall take full advantage of the unique Tritium handling

capability of JET. The TTE is planned with ~1.5 % Tritium in Deuterium plasmas. Transport of

Tritium particles will be investigated with neutron and γ emission diagnostics. A study of particle

(fuel ion, Helium and impurities) transport is planned in ELMy H-modes and AT scenarios, continuing

and greatly extending the work initiated in the previous Trace Tritium Experiment [91]. In particular,

a study of fuel ion transport has never been done in AT scenarios, and would be important in preparation

of future DT AT operation on JET or/and ITER. The use of trace tritium also offers an opportunity to

study aspects of ICRF heating schemes and Fast Particle Physics (fast ions in current hole scenarios).

The TTE has the added benefit of exercising and maintaining technical expertise on tritium handling

in a tokamak environment. It finally permits relevant testing of new systems foreseen to find application

on ITER, such as detritiation catalysts, and an ITER-design cryo-panel [92,93].

In the 2004 shutdown it is planned to install a new in-port ICRF antenna. The aims are to validate

key elements of the ITER ICRF design (such as ELM-tolerant operation at high power density), and

to deliver an additional 7 MW of heating power, allowing higher performance operation closer to

ITER plasma parameters. By then, planned diagnostic upgrades include CXRS core and edge,

magnetics, bolometry, neutron spectrometry, microwave waveguides, divertor diagnostics. New

diagnostics to be installed include a high resolution Thomson Scattering System, TAE active antenna

system, wide angle Infra-Red view, Halo Sensors, Lost ∞ detectors and a comprehensive system of

erosion/re-deposition diagnostics.

CONCLUSIONS

JET continues to provide vital contributions to understanding of tokamak physics, scaling predictions

for ITER, further development of ITER operating scenarios and testing of ITER relevant systems,

such as heating and current drive, diagnostics and Tritium technologies.
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Figure 2: Scaling of Type I ELM size with pedestal
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Figure 1: Loss power balance of a gas scan. At highest
pedestal density, average ELM losses are reduced,
indicating an additional loss mechanism in between
ELMs. Also, see Section 2.3.1.
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Figure 5: Plot of ITB criterion versus time and plasma
radius. When qmin crosses 2 the barrier is broadened
(radius increased by ~30cm) and two barriers are follow
the evolution of the q=2 surfaces. The time when qmin
crosses two is confirmed from the excitation of Alfvén
cascades.
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