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ABSTRACT

Twenty years ago the construction of JET began and five years later the first plasma pulses were

obtained. A highly successful series of high temperature plasma experiments which addressed

all important issues of fusion physics, such as energy confinement, plasma heating and plasma-

wall interaction, laid the foundation for a Preliminary Tritium Experiment in 1991, a three stage

programme of progressively more closed divertors from 1992 to 1999 and an extended experi-

mental campaign in D-T in autumn 1997. The key physics results from JET are presented, em-

phasising the synergy between progress in physics and engineering and the impact of the results

on improving physics understanding and predictive capability. The physics discussion concen-

trates on confinement and performance issues in the H-mode and optimised shear regimes, on

the development of closed, highly radiating divertors and on the results from the recent broad-

based series of D-T experiments. These results include records in fusion performance, the first

clear demonstration of alpha particle heating, the testing of ICRF heating scenarios in D-T and

the characterisation of the ELMy H-mode in D-T allowing more accurate predictions for the

performance of ITER or any other Next Step device.

1. INTRODUCTION

Twenty-five years ago, in 1973, design work on the Joint European Torus (JET) began, five

years later, on 1st June 1978, the JET Joint Undertaking came into being and construction of the

JET device followed, and another five years later, in 1983, the first plasma pulses were obtained.

The International Organising Committee of the 1998 SOFT Conference decided to mark these

anniversaries of the JET Project with two complementary invited papers: while this paper high-

lights the progress in fusion physics on JET, the companion paper [1] discusses the technologi-

cal achievements and experience at JET.

In the following sections the key physics results obtained on JET over the last fifteen years

are reviewed, emphasising the interdependence between progress in physics and engineering

and highlighting the impact the results had on improving our physics understanding and on

defining the Next Step Tokamak, currently seen as the International Thermonuclear Experimen-

tal Reactor (ITER) [2].

In this latter context it is important to recall that JET is essentially a one-third scale model

of ITER, nearest in size and operating conditions to ITER and with a very similar plasma and

divertor configuration. In addition, JET is now the only experiment world-wide able to study

fusion power production and fusion physics in deuterium-tritium (D-T). It has also developed a

unique capability for remote installation and repair, which was used successfully earlier this

year for the planned installation of a new divertor in the activated environment resulting from

operation in D-T.
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As will be seen in the following discussion, JET’s success owes much to its courageous

design features (such as non-circular plasma cross-section, high plasma current, and tritium and

remote handling capability) and to the general flexibility built into its original design which

allowed major modifications and upgrades to be implemented within reasonable time and cost.

This teaches an important lesson for the design of ITER or any Next Step machine which has to

be capable of operating at the forefront of fusion research for at least twenty-five years after its

design has been completed.

The paper is structured in the following way. Section 2 discusses JET results during the

early years with limiter and X-point operation (1983-1991) culminating in the Preliminary Tri-

tium Experiment (PTE) in 1991. Section 3 discusses JET’s divertor development programme

(1992-1999), which is based on a sequence of progressively more “closed” divertors and has the

dual objective of providing impurity control and power handling capability for JET and devel-

oping a divertor concept for ITER. Section 4 highlights the results of JET’s broad-based series

of D-T experiments in 1997, including records in fusion performance, the demonstration of

alpha particle heating, the testing of ICRF heating scenarios in D-T and the characterisation of

the standard operating mode for ITER (steady-state ELMy H-mode) leading to more accurate

predictions for ITER performance. Section 5 then addresses JET’s contributions to more

advanced tokamak scenarios, namely the discovery of the Pellet-Enhanced Performance (PEP)

-mode in 1988 and the work on the optimised shear mode (since 1996). A summary and

conclusions follow in Section 6.

2. LIMITER AND X-POINT OPERATION (1983-1991)

2.1 Basic limiter machine (1983-1986)

JET was originally conceived as a limiter tokamak featuring, first, toroidally discrete and then

continuous (“belt”) limiters. First operation (1983-1984) with ohmic heating showed already

that the large volume, high current JET plasmas were capable of sustaining reactor grade energy

confinement times (~1s). The addition of strong ICRF and NB heating (1984-1986) also al-

lowed reactor temperatures (~12keV) to be achieved, but at the same time demonstrated the

degradation of energy confinement time, τE, with increasing heating power, P (Fig. 1(a)) [3].

The JET results confirmed the scaling τE~IpP
-0.5 (Goldston scaling [4]) found on smaller tokamaks

and extended it to plasma currents in the Megaampere and heating powers in the Megawatt

range. After the discovery of the H-mode in ASDEX in 1983 [5], X-point operation (not origi-

nally foreseen on JET) in 1986 allowed the first demonstration of H-mode confinement in a

large tokamak (Fig. 1(a)) [6]. Carbon dump plates attached inside the vessel at the top and the

bottom were used and plasmas with currents up to 3MA were studied.
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2.2 Upgraded machine (1986-1991)

The period 1986 - 1988 saw major upgrades of the JET power supply systems to allow even

higher plasma currents in both limiter and X-point operation. This resulted in limiter operation

up to 7.1MA (well above the 4.8MA design limit) and X-point operation up to 5.1MA (single

null) and 4.5MA (double null) (Fig. 1(b)).

With these upgrades it could be shown that even with strong additional heating, required

to push plasma temperatures into the reactor regime, high current H-mode operation allows

reactor grade energy confinement times (~1s). These JET results had a major impact on the

world tokamak programme: the reactor design of NET in Europe was reviewed, leading to a

substantial increase in the plasma current to 20MA, and the subsequent design of ITER settled

for a plasma current of 21-24MA [2].
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Fig. 1 (a) Energy confinement time versus total heating power for 1 to 5 MA limiter and 3MA X-point discharges,
and (b) 7.1MA limiter and 4.5MA double null X-point configurations.

To reduce the effective ionic charge Zeff, JET finally (1988-1991) changed to low Z (car-

bon, beryllium) plasma facing components and to beryllium evaporation onto the vessel walls

between pulses. This reduced Zeff and brought a further improvement in JET performance re-

sulting, albeit transiently (Section 3), in a fusion triple product nioτETio
 of 9x1020m-3s keV [7,8]

which is only a factor of 6 short of ignition and, if reproduced in D-T, would correspond to

breakeven.

2.3 Preliminary Tritium Experiment (1991)

With these upgrades, JET performance had reached the level which warranted the use of tritium

for the first time in a laboratory plasma experiment and the so-called Preliminary Tritium Ex-

periment (PTE) was carried out in November 1991. To limit the activation of the machine so that
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the extensive in-vessel re-construction which was planned to follow the PTE could still be car-

ried out, only 10% of tritium in deuterium was used and only two pulses were carried out. These

two pulses were very similar, each producing a peak fusion power of 1.7MW, averaging 1MW

over a 2 second period (Fig. 2) [8]. This was the world’s first controlled production of significant

fusion power and had a big impact on the public perception of nuclear fusion.
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Fig. 2 Measured and calculated (TRANSP simulation) total neutron rate (predomi-
nantly 14MeV neutrons) for one of the two PTE pulses.

3. DIVERTOR CONCEPT DEVELOPMENT (1992-1999)

In the PTE discharges - as in similar discharges in D-D - the high performance phase was termi-

nated after 1 to 2 seconds by magneto-hydrodynamic instabilities which led to overheating of

the target plates and large influxes of carbon (carbon “bloom”) (Fig. 2). This prompted JET to

embark on a divertor programme with the dual objective of controlling the impurity influxes in

JET and, more generally, of developing a divertor concept for ITER. The divertor concept under

consideration was that of a “radiative” divertor [9], in which charge exchange and radiative

power losses throughout the divertor volume reduced the heat load to the target plates, finally

leading to “detachment” of the plasma from the targets and to reduced physical sputtering and

erosion of the targets. JET devised and carried out a three stage programme of progressively

more “closed” divertors (Fig.3) [10] which were expected to provide easier access to radiative/

detached regimes, to increase divertor neutral pressure and pumping (particularly for helium

exhaust in a reactor) and to reduce the core plasma impurity content by lowering the main cham-

ber neutral pressure and increasing the retention of target produced impurities.
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JG98.708/3c

Fig. 3 Schematic poloidal cross-sections of the progressively more closed
Mark I, Mark IIA and Mark IIGB divertors.

3.1 Effect of divertor closure on divertor and global performance

Comparison of results from the more open Mark I and more closed Mark IIA divertors shows

[11] that, as predicted, detachment occurs at lower upstream densities for a fixed power (Fig.

4(a)) and the neutral pressure at the pump increases (Fig. 4 (b)) leading to increased pumping.

Also, as predicted, the main chamber neutral pressure decreases with increasing closure; how-

ever, confinement was unchanged (Fig. 5) [11].

Contrary to expectations, it was found that the core plasma impurity content (Zeff) was

practically unaffected by the divertor closure (Fig. 6) [12], even though the main chamber neu-

tral pressure and the corresponding wall sputtering were lower in the more closed Mark IIA/AP

divertor. One reason for this is a higher observed impurity production from the Mark IIA/AP

divertor targets which is attributed to an increased chemical sputtering yield at their higher
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target temperatures (~500°K in Mark IIA/AP compared to ~300°K in Mark I). It may also sug-

gest that the vessel walls/baffles rather than the divertor targets are the dominant source of

impurities.
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Fig. 4 Comparison of (a) inner divertor detachment for two vertical target L-mode discharges, and (b) subdivertor
pressure (proportional to pumping speed) for two Ohmic discharges, in the Mark I and Mark IIA divertors.
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At first sight, the H-mode power threshold and the density limit are little affected by the

divertor configuration [11]. However, closer examination of the H-mode power threshold data-

base shows that the threshold is somewhat lower in the more closed Mark IIA divertor and even

lower with plugged neutral leakage paths (Mark IIAP).
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3.2 Compatibility between plasma and divertor performance and extrapolation to ITER

As can be seen from Fig. 7, energy confinement degrades as high density is approached with gas

fuelling (at about 80% of the Greenwald density limit, nGW[13]), and at high radiative power

fraction (frad>0.5) with impurity seeding [14]. This shows that the final aim of a coherent

scenario combining a radiative divertor and a reactor-grade plasma core is still not quite achieved.

To exemplify this, Table I compares the ITER requirements [15] with what has been obtained so

far. It can be seen, that most requirements have been met, except for the relatively low density

limit and, in particular, the degradation of confinement to 80% of the ITERH-97(y) scaling

expectations at 80% of the density limit. The situation might be recovered if the density is

increased by the injection of deuterium ice pellets with deeper fuelling than is obtained with gas

puffing. After encouraging results on ASDEX-UG [16], the effect of deep fuelling using inboard

(high magnetic field side) pellet injection will be studied by JET in 1999.
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Table I: Comparison of ITER requirements with what has been achieved so far

ITER Requirements Status

H97>0.8 achieved with Type I ELMs

n/nGW>1.2 confinement degrades for n/nGW>0.8

f
P

P Prad
rad

heat brems
=

−
> 0 75. achieved in seeded radiating discharges

Zeff (excluding He)<1.6 scaled values within scatter of experimental data

τHe/τE<5 achieved; He concentration determined by

exhaust rate
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3.3 First results with the Mark II Gas Box divertor

The third and most closed of the JET divertors, the Mark IIGB (Gas Box), has been designed to

allow more balanced detachment in the two divertor legs (Mark IIGB features a septum which

separates the inner and outer divertor regions,

and provides for the possibility of differential

gas puffing). First results are very encourag-

ing: using fuelling into the outer divertor only,

it has been possible in L-mode discharges to

produce relatively symmetric ion fluxes to the

two divertors resulting in symmetric detach-

ment and an increase in the density limit by

almost 20% (Fig. 8) [17].  Similar trends are

seen in the distribution of energy deposited to

the inner and outer strike zones. These results

are very important for ITER and more exten-

sive studies are under way.
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4. D-T PERFORMANCE AND RELATED PHYSICS (1997)

JET was designed from the outset for D-T operation and uses comprehensive tritium processing

and remote handling systems [1]. After the D-T pulses of the PTE in 1991 [8], JET resumed

D-T operation in 1997 (from May to June and from September to November) with a broad-

based series of D-T experiments (DTE1) which addressed specific questions relating to D-T

physics and technology for ITER. The following summarises the most important results of DTE1

(a more detailed discussion can be found in [18] and [19]).

4.1 Fusion performance

The hot ion ELMy-free H-mode is the traditional mode for the highest, albeit transient, perform-

ance [20] and, during DTE1, has led to records of fusion power and Q. Figure 9 shows the pulse

with the highest fusion power of 16.1MW (a similar pulse on the same day one hour earlier

produced 15.8MW), which was obtained with 25.4MW of additional heating (22.3MW NB and

3.1MW ICRF heating). The fusion power rises monotonically with time while the ion tempera-

ture levels off around 28keV, significantly higher than the electron temperature which is about

14keV.  The ELM-free period is limited by MHD activity (as seen in the structure of the Balmer

alpha signal): first an outer mode and then a giant ELM which terminates the high performance

phase [21]. Following detection of the giant ELM, the heating power is switched off to save

neutrons. As shown in the lowest panel of Fig. 9, this pulse reaches record values of the ratios of

fusion power to total input power, Qin=Pfus/Pin=0.62, and fusion power to total loss power,
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Qtot=Pfus/(Ploss-Pα) =0.95± 0.17, the value which Qin would reach if the same plasma condi-

tions could be achieved in steady-state. In the last expression, Pα is the heating by alpha parti-

cles taking account of their slowing down process.

In addition, a thorough comparison of similar D-T and D-D H-mode discharges has vali-

dated the factor of 210 between D-D and D-T fusion power expected from the respective reac-

tion rate coefficients [22].  This is a very important confirmation that the expected fusion per-

formance can be achieved in D-T.
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Figure 10 summarises the development of fusion power over the last six years in JET and

TFTR. It encompasses the first ever high fusion power (1.7MW) pulse with 11% tritium in JET

in 1991 [8], the pulse with the highest fusion power (10.7MW) from the 50:50 D-T experiments

on TFTR [23] during the period 1993 to 1997, and finally the record pulses from the JET D-T

experiments in 1997: 16.1MW, transiently, in an ELM-free H-mode [19], 8.2MW in the optimised

shear mode of operation [19] (Section 5), and 4MW in a steady-state ELMy H-mode discharge

[24]. In all, a total of 675 MJ of fusion energy was produced during DTE1.

4.2 Alpha particle confinement and heating

One of the most important objectives of the JET high performance D-T experiments was

an unambiguous demonstration of alpha particle heating. To separate the alpha particle heating

from possible isotope effects on energy confinement, a series of specially designed hot ion

ELM-free H-mode pulses was carried out in which the D-T mixture was varied from pure
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deuterium to almost pure tritium while all other parameters, including the external heating power

(≈10.5MW NB heating), were kept constant [25]. Comparing the pure deuterium and almost

pure tritium ends of this scan demonstrated (lower panel in Fig.11) that the global energy con-

finement time in ELM-free H-modes has no or only a very weak isotope dependence. The strong

correlation between the maximum diamagnetic and thermal plasma energies and the optimum

D-T mixture (upper panel in Fig. 11), is a clear demonstration of alpha particle heating. This is

seen even more clearly in Fig 12, which is a plot of the central electron temperature versus the

calculated alpha particle heating power for the set of pulses in the D-T mixture scan. The highest

electron temperature shows a clear correlation with the maximum alpha particle heating power

and with the optimum D-T plasma mixture (40:60). A regression fit to the data gives a change in

central electron temperature of 1.3±0.23keV with 1.3MW of alpha particle heating power.
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These JET experiments are a clear demonstration of the self-heating of a D-T plasma by

the alpha particles produced by fusion reactions. A comparison with ICRF heating of deuterium

plasmas under similar conditions showed that the alpha particle heating was as effective as

hydrogen minority ICRF heating. This is a strong indication that, in the absence of MHD insta-

bilities, the trapping and slowing down of the alpha particles and their heating effect are classi-

cal and that there are no unexpected effects which might prevent ignition in a larger device such

as ITER.
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4.3 ICRF heating of D-T plasmas

Ion cyclotron resonance frequency (ICRF) heating is one of the main heating methods foreseen

for ITER. During DTE1 the physics and performance of three ICRF schemes applicable to D-T

operation ITER and a reactor were tested successfully in steady-state ELMy H-mode discharges

[26].

4.3.1 Ion heating schemes

Deuterium minority heating in tritium plasmas, (D)T, at the fundamental resonance of deute-

rium (ωcD), was demonstrated for the first time on JET [26] and produced strong ion heating.

The plasma density and the deuterium minority concentration (up to 20%) were optimised for

maximum fusion power from reactions between suprathermal deuterons and thermal tritons.

For a pulse with 9% deuterium and 91% tritium, an ICRF heating power of 6MW generated a

steady-state fusion Q of 0.22 for three plasma energy confinement times (2.7s). Doppler broad-

ening of the neutron spectrum showed a deuteron energy of 125keV which was optimum for

fusion reactions and close to the critical energy, resulting in strong bulk ion heating (Tio=7keV

at neo=5x1019 m-3) and high fusion efficiency.
3He minority heating, (3He)DT, at the fundamental resonance of 3He (ωc3He), in approxi-

mately 50:50 D:T plasmas with 5-10% 3He, also produced strong bulk ion heating. In this case

the fusion reactions were thermal with Tio≈Teo=12-13keV. As discussed below this scheme seems

to be the most promising ICRF heating scheme

for achieving ignition in ITER.

4.3.2 Electron heating scheme

Heating at the second harmonic of tritium

(2ωcT) in a 50:50 D:T plasma produced in JET

energetic tritons well above the critical energy

and mainly electron heating.  The fusion power

was mainly from thermal reactions, but was

typically a factor of four lower than with 3He

minority heating under similar conditions.

The central ion and electron temperatures

produced in these D-T experiments with the

three ICRF heating methods are summarised

in Fig. 13.
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4.3.3 Code calculations and predictions for ITER

Most of the results obtained in these ICRF heating experiments are in excellent agreement with

PION code predictions which gives confidence in the use of these models for predicting ICRF

heating in ITER. One result of these predictions is that the 2ωcT scheme, which preferentially
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heats the electrons in JET, will give mainly ion heating in ITER where the power density per

particle will be considerably lower resulting in triton tails with lower energies.
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The PION code has also been used to in-

vestigate the 3He minority scheme for ITER

[27].  The results for a 2.5% concentration of
3He in a 50:50 D:T plasma and a power of

50MW are shown in Fig. 14 in the form of con-

tour plots of constant ion heating fraction in

the neo, Teo space.  For illustration a “direct”

route from the ohmic (Teo=5keV, neo=3.5x1019

m-3) to the ignited phase (Teo=35keV, neo=

1x1020 m-3) is shown for which the ion heat-

ing fraction is larger than 70%, making it an

excellent heating scheme for ITER.

4.4 Standard ITER operating mode and extrapolation to ITER

4.4.1 Mass scaling of H-mode threshold power

The effect of isotope mass on the heating power needed to access the H-mode regime was

studied during DTE1 in a series of experiments which included discharges with ≈60% and ≈90%

tritium concentrations in deuterium. The most notable result was that, in comparison with previ-

ous experiments in pure deuterium, the H-mode threshold power was lower in  D-T and lower

still in pure tritium, roughly as the inverse of

the atomic mass (A-1). This can be seen in

Fig. 15 which shows the loss power from the

plasma plotted as a function of the scaling

PTh=0.76ne
0.75B R2 A-1, which has been modi-

fied from that used for ITER [28] by the inclu-

sion of an inverse mass dependence (the con-

stant of proportionality has been adjusted to

give the best fit to these JET data). Following

DTE1, similar experiments were carried out in

hydrogen, and these data are also shown in

Fig. 15, and confirm the strong inverse mass

dependence.

This result has significant implications

for ITER since it predicts a 33% reduction in

the power needed to access the H-mode in a

pure tritium plasma (for example, during the
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start-up phase) and a 20% reduction in the power needed to access or stay in the H-mode in a

50:50 D:T mixture. These results are very favourable for ITER, leading to increased operational

flexibility.

4.4.2 Mass dependence of energy confinement in ELMy H-modes

The most recent version of the multi-machine

data base for steady state ELMy H-mode dis-

charges shows that the global energy confine-

ment time scales as A0.2 with mass (the

ITERH-97(y) scaling [29] which is used at

present for extrapolation to ITER). Before,

during and after DTE1, steady state ELMy

H-modes were obtained for a wide range of

plasma currents (1-4.5MA) and toroidal fields

(1-3.8T) in hydrogen, deuterium, D-T and tri-

tium. The energy confinement times in these

discharges were found to be consistent with the

ITERH-97(y) scaling, with its A0.2 dependence

providing an acceptable fit (Fig. 16). However,

a more refined analysis shows that a better fit

is with practically no mass dependence

(A0.03±0.1).
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Fig. 16 Measured thermal energy confinement times in
hydrogen, deuterium, deuterium-tritium and tritium
ELMy H-mode discharges plotted against the ITER scal-
ing law.

This result presents a challenge to theoretical understanding which can be resolved by

separating the total stored plasma energy into two components which scale differently with

respect to mass (and other significant parameters). The first component is the pedestal energy

(Fig. 17(a)) which is determined from the edge density and temperature (assuming equal elec-

tron and ion temperatures), and which shows a strong mass dependence.  The data shown is

fitted by an A0.5 dependence which would result, for example, from the gradient of the plasma

pressure being limited in the edge by ideal ballooning mode instabilities over a distance charac-

terised by the Larmor radius of ions [30]. The second component is the core energy which is

determined by subtracting the pedestal energy from the total thermal plasma energy. The corre-

sponding thermal core energy confinement time (Fig. 17(b)) is found to scale as A-0.17±0.1, con-

sistent with the A-0.2 mass dependence which would be expected from a gyro-Bohm scaling,

generic of theoretical transport models based on turbulence with a scale length of the ion Larmor

radius.

These differences between the edge and core transport are confirmed by local transport

analysis [31] which shows the core transport data to be consistent with gyro-Bohm scaling. This

is a very significant result since for the first time energy transport in the plasma core can be
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related to gyro-Bohm scaling, including its implicit mass dependence. It also emphasises that

the large size of JET makes its data particularly valuable for separating core and edge effects in

the global energy balance.
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4.4.3 ITER demonstration pulses and extrapolation to ITER

During DTE1 the best ever fusion performance in an ITER-like H-mode was obtained in a

3.8MA/3.8T discharge which was maintained in steady-state by regular Type I ELMs. This

resulted in the production of a fusion energy of 21.7MJ, a ratio of the fusion energy produced to

the input energy of 0.18 over 3.5s (≈8 energy confinement times) and 4MW of fusion power

being maintained for ≈4s (see Fig. 10).

The normalised plasma pressure, being limited to βN=1.3 by the available additional heat-

ing power (23MW of combined NB (90%) and ICRF (10%) heating), was too low for these

discharges to qualify as ITER demonstration pulses. However, at lower toroidal field and plasma

current (e.g. at 2MA/2T) the normalised plasma pressure (βN=2.2) and collisionality of an ig-

nited ITER were matched on JET and the edge safety factor was also close to the ITER value

(q=3.2). The characteristic signals of such a discharge in D-T are shown in Fig. 18; it forms the

basis for a series of  “wind tunnel” experiments which preserve on JET all relevant dimensionless

parameters close to ITER values, except for the normalised plasma size, ρ*=ρi/a (with ρi the ion

Larmor radius and a the plasma radius). The data from this series of experiments is shown in

Fig. 19 to scale close to gyro-Bohm, extrapolating to ignition in ITER. In fact, a gyro-Bohm

extrapolation from this ITER demonstration pulse gives ignition at 1.8GW (or Q=5.8 for a Bohm

extrapolation) for ITER operating at 21MA. The required density would, however, be 50% above

the Greenwald density limit, and confinement in JET and other tokamaks is degraded as this
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high density limit is approached (see Fig. 7(a)). However, it has been possible to extend the

ITER demonstration pulses to ITER operation at the higher plasma current of 24MA (and corre-

spondingly lower q95=2.76). In this case, ignition is predicted at the 1.05GW level for a gyro-Bohm

extrapolation (or Q=7.3 for a Bohm extrapolation), but the required density is now lower and

close to the Greenwald density.
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5. ADVANCED TOKAMAK SCENARIOS

Advanced tokamak concepts propose the use of profile control techniques to increase fusion

performance and to develop these conditions into steady-state by driving a large fraction of the

plasma current non-inductively. This concept, if successful, would give ignition and sustained

burn at lower plasma current, thereby reducing the size and cost of a fusion reactor. Fusion

power, Pfus, and bootstrap current fraction, IBS/I, are given by

Pfus ≈ßt
2B4V ≈  ß I BN

2 2 2R κ (1)

I
I

ß
ß B

I
BS

p
N≈ ≈ε ε1 2   a 1 2κ

(2)

Obviously high magnetic field B, and elongation κ, are beneficial in this context, while

the plasma current I, has to be chosen as a compromise between fusion power and bootstrap

current fraction, and can be the lower, the higher ßN is made. In practical terms, ßp≥2 and ßN≥3

are considered minimum requirements for IBS/I ≈ 80% and significant fusion power (e.g. to

obtain 1GW at 12-13MA in ITER).
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Plasma pressure peaking and current profile modifications have led to enhanced perform-

ance as will be demonstrated in the following for the Pellet-Enhanced-Performance (PEP) mode

and the optimised shear mode.

5.1 Pellet-enhanced-performance mode (1988)

The first observation of reversed mag-

netic shear behaviour was recorded in

JET in the PEP-mode of 1988 [32-34].

Pellet injection to the plasma core cre-

ated transiently a large central region

(about 40% of the minor radius) with

slightly negative (reversed) magnetic

shear (Fig. 20(a)) [33] due to the com-

bined effects of a transient inversion of

the temperature and consequently cur-

rent density profile, and a substantial

bootstrap current driven by the density

gradient. This resulted in centrally

peaked density and temperature profiles

(Fig. 20(b)) and a reduction in particle

and energy transport (electrons and

ions) close to neoclassical levels

(Fig.20(c)). The enhanced performance

of the reversed shear plasma manifested

itself in strongly increased neutron rates
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(about a factor of 10 compared to standard H-mode, Fig. 20(d)) [34] which reverted back to H-

mode levels after the collapse of the reversed shear configuration. The PEP-mode was the first

manifestation in a tokamak that plasma confinement and stability can be improved by modify-

ing the current density profile.

5.2 Optimised shear mode (since 1996)

5.2.1 Formation of internal transport barriers

A key element of optimised (reversed) shear modes [35-39] is the formation of an internal trans-

port barrier (ITB) and these have now been established for the first time in D-T [40].  Power and

current profile control are used to establish an ITB, to delay the transition to an H-mode phase,

and to avoid a β limit disruption [35,36]. The scenario comprises the formation of a target plasma

by pre-heating during a fast current ramp, using lower hybrid waves to assist breakdown and to

provide some current drive, followed by ICRF pre-heating to arrest current penetration. When

the current profile is such that the volume within the q=2 surface is reasonably large (r/a≈0.3-0.4),
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the full heating power, typically 16-18MW of

NB heating together with 6MW of ICRF heat-

ing, is applied (Fig. 21).  In D-D plasmas, the

highest fusion performance has been obtained

when a clear H-mode transition was delayed

for as long as possible. When an ITB is estab-

lished, the resulting good core confinement

maintains, at least transiently, the plasma loss

power below the level required to trigger an

H-mode, thus preserving an L-mode edge.

In D-T plasmas, the scenario had to be

modified, largely because of the lower H-mode

threshold power [41, 24]. However, after some

scenario development, strong ITBs were estab-

lished for the first time in D-T plasmas, and

with a threshold heating power and current pro-

files not markedly different from those in D-D

plasmas [37]. When an ITB forms, substantial

increases in plasma density and temperature

(Fig. 22) occur: temperature gradients can reach

Pulse No. 42746            3.3MA/3.4T  

PICRH

PNBIPre-heat
phase

Te [R = 3.65m]  

H-mode phase

Tio (keV)

ITB

20

10

0

P
ow

er
 (

M
W

)
P

F
us

io
n 

(M
W

)
T

e 
(k

eV
)

12

8

4

0

30

20

10

0

4

2

0

8

6

4

2

0
7.57.06.56.05.55.0

Time (s)

JG
98

70
8/

21

Teo

neo (1019 m–3)

Fig. 21 Various time traces for the optimised shear dis-
charge with the highest fusion yield.  From top to bot-
tom: NB and ICRF input power; central ion tempera-
ture and electron density; central and edge (R=3.65m)
electron temperature; and fusion power.

JG
98

.7
08

/3
3c

10

20

30

40

0

Pulse No: 42940 (D—T) 3.3MA/3.85T

∇Ti = 150 keV/m
∇p = 106 Pa/m

3.0 3.2 3.4 3.6

ITB

Major radius (m)

T
i (

ke
V

)

t = +0.7s

t = +0.9s

t = +0.5s

t = +0.3s

t = +0.1s

t = 0s

Fig. 22 Ion temperature profiles at various times after
the start of high power heating in an optimised shear
discharge showing the formation of an internal trans-
port barrier (ITB).

���������������������������
���������������������������
���������������������������
���������������������������
���������������������������
���������������������������
���������������������������
���������������������������
���������������������������
���������������������������
���������������������������
���������������������������
���������������������������
���������������������������
���������������������������
���������������������������

PIN

PIC

FAST
code

EFIT
code

Pulse No: 40847

UNSTABLE

2.5

2.0

1.5

1.0

0.5

0

20

10

0
5 6

Time (s)

JG
98

.7
08

/2
3c

7

β N
 P

 (
M

W
)

Fig. 23 Normalised plasma pressure as function of time
during a high performance optimised shear discharge.
By controlling the heating power the discharge avoids
the region unstable to n=1 kink modes.



18

150keV/m and pressure gradients 1MPa/m. In

these discharges the input power is controlled

by feedback on the neutron rate in order to

avoid excessive pressure gradients which pro-

voke MHD instabilities. As a result, the plasma

can be maintained close to the ideal MHD sta-

bility limit for most of the heating pulse, as

shown in Fig. 23 for an optimised shear dis-

charge in D-D [42]. βN increases as the ITB

moves outwards with time to ≈2/3 of the plasma

radius and the pressure profile becomes less

peaked. The highest performance has been

achieved with small or slightly reversed cen-

tral shear and q(0) in the range 1.5-2.
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This is confirmed by TRANSP simulations, which also show that more than half of the

plasma current at peak performance was driven non-inductively. Furthermore, the TRANSP

calculations show that the ion thermal diffusivity can be very low and approaches neoclassical

values within the ITB, both in D-D and D-T plasmas, as shown in Fig. 24 [40]. The neutron and

time constraints on DTE1 did not allow these discharges to be optimised. Nevertheless, 8.2MW

of fusion power was produced (Fig. 21).

5.2.2 Simultaneous internal and edge transport barriers and development towards steady-

state

The highest fusion performance was normally obtained by prolonging the phase during which

the plasma edge was in L-mode [35,36].  A significant number of discharges, however, devel-

oped both an ITB and an ELMy H-mode edge [19], as illustrated in Fig. 25, with a substantial

fusion yield being produced.  In the discharge shown in Fig. 25, an ITB is formed and the central

ion temperature reaches 24keV, while the edge ion temperature is about 3keV, typical of an

ELMy H-mode.

In this pulse the fusion power increases from the start of the main heating phase until it

reaches 6.8MW, at which time the input power was reduced to economise on D-T neutrons. This

increase in fusion yield is due to a continuous build-up of central density together with an in-

crease of the tritium concentration.  The stored plasma energy reaches 8.8MJ for a total injected

power of 18.4MW and a corresponding confinement enhancement factor H89 ≈ 2.3 relative to

the ITER89-P scaling [43]. In this pulse, as in similar D-T and D-D pulses, the positions of the

q=2 magnetic surface and the ITB change only slowly with time as a result of the generation of

an edge bootstrap current.
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An additional interesting feature of these double barrier discharges is that they have much

smaller ELM amplitudes than conventional ELMy H-mode discharges [44]. This could alleviate

the problem of the critically high peak power loads on the divertor targets in a standard ELMy

H-mode ignited ITER scenario.

This route, which could not be explored further during DTE1 due to the imposed con-

straint on the neutron budget, shows significant promise for steady-state high fusion yield D-T

plasmas, but would require a technique for better control of the plasma edge and/or current

profile.

6. SUMMARY AND CONCLUSIONS

JET is a unique step on the way to a fusion reactor, demonstrating considerable synergy between

physics and engineering. The large size of JET allows operation under conditions closest to a

Next Step tokamak. The flexibility of the design has made machine modifications and upgrades

possible within reasonable time and costs. This  has allowed high power operation in limiter and

X-point configurations, with different plasma facing materials and in different modes of tokamak

operation. In high confinement H-mode operation in deuterium, plasma parameters in JET have

reached values which, if reproduced in a D-T plasma, would constitute break-even (JET’s progress

in performance over the years is shown in Fig. 26). In addition, the large flexibility of the JET

design has made possible the installation of a series of progressively more closed divertors

which have allowed significant contributions to the development of a divertor concept for ITER

and a reactor.

The D-T and Remote Handling capabilities of JET formed the basis for a number of unique

results in D-T: the first significant controlled production of fusion power in 1991; the record
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fusion powers and the first clear observation

of alpha particle heating in 1997; the valida-

tion of ICRF heating schemes in D-T; the more

accurate assessments of the heating require-

ments and ignition margin for ITER; and fi-

nally the Remote Handling installation of the

Mark IIGB divertor in 1998, thereby demon-

strating a key technology for ITER and a reac-

tor.

JET has still much to offer the European

and world fusion programmes. With its unique

combination of divertor configuration, heating

and profile control systems and tritium capa-

bility, JET will remain, for many more years,

the most valuable machine in support of ITER

or  any other Next Step tokamak.
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