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Abstract

JET has recently operated with deuterium-tritium (D-T) mixtures, carried out an ITER physics campaign in
hydrogen, deuterium, D-T and tritium, installed the Mark IIGB “Gas Box™ divertor fully by remote handling and
started physics experiments with this more closed divertor. The D-T experiments set records for fusion power
(16.1 MW), ratio of fusion power to plasma input power (0.62, and 0.95+0.17 if a similar plasma could be obtained
in steady-state) and fusion duration (4 MW for 4 s). A large scale tritium supply and processing plant, the first of its
kind, allowed the repeated use of the 20 g tritium on site to supply 99.3 g of tritium to the machine. The H-mode
threshold power is significantly lower in D-T, but the global energy confinement time is practically unchanged (no
isotope effect). Dimensionless scaling “Wind Tunnel” experiments in D-T extrapolate to ignition with ITER pa-
rameters. The scaling is close to gyroBohm, but the mass dependence is not correct. Separating the thermal plasma
energy into core and pedestal contributions could resolve this discrepancy (leading to proper gyroBohm scaling for
the core) and also account for confinement degradation at high density and at high radiated power. Four radio
frequency heating schemes have been tested successfully in D-T, showing good agreement with calculations. Alpha
particle heating has been clearly observed and is consistent with classical expectations. Internal transport barriers
have been established in optimised magnetic shear discharges for the first time in D-T and steady-state conditions
have been approached with simultaneous internal and edge transport barriers. First results with the newly installed
Mark IIGB divertor show that the in/out symmetry of the divertor plasma can be modified using differential gas
fuelling, that optimised shear discharges can be produced, and that krypton gas puffing is effective in restoring
L-mode edge conditions and establishing an internal transport barrier in such discharges.

1. INTRODUCTION

Since the last JAEA Conference in Montreal in 1996 [1], the Joint European Torus (JET) has
continued to address major issues in fusion physics and technology for which it is uniquely suited. In
particular, JET being a one-third scale model of the International Thermonuclear Experimental Reactor
(ITER) [2] and with a very similar plasma and divertor configuration, is the nearest in size and operating
conditions to a Next Step tokamak reactor. Furthermore, JET has been designed from the outset for
deuterium-tritium (D-T) operation and has comprehensive tritium processing and remote handling sys-
tems. Following the closure of TFTR which operated successfully with D-T from 1993 until 1997 [3],
JET is now the only experiment able to operate with D-T. In the last two years, JET has: developed
plasma performance and understanding sufficiently for D-T operation in 1997 (DTE1) [4-6]; carried out
an ITER physics campaign in hydrogen, deuterium, D-T and tritium; installed the Mark IIGB “Gas Box”
divertor fully by remote handling in the activated environment which followed DTE]1; and started
physics experiments with this more closed divertor.

This paper concentrates on confinement issues critical for high performance (Section 2), D-T
performance and related physics (Section 3), tritium supply, plasma concentrations and in-vessel inven-
tory (Section 4) and the first results with the Mark IIGB “Gas Box™ divertor (Section 5) before the
summary and conclusions in Section 6.

Three modes of high confinement in JET perform consistently better than the L(low)-mode
of confinement: the ELMy H-mode, the ELM-free H-mode and the optimised magnetic shear mode

(Fig. 1).

See Appendix.
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Fig. 1. Characteristic plasma pressure profiles in  Fig. 2 Plasma loss power for ELMy H-mode dis-

different modes of tokamak operation: L-mode, H-  charges in hydrogen, deuterium, deuterium-tritium

mode with Edge Transport Barrier and optimised  and tritium plotted against the ITER scaling for the

shear mode with Internal Transport Barrier. H-mode threshold power modified to include an
inverse mass dependence.

The ELMy H-mode benefits from the formation of an Edge Transport Barrier (ETB) which is
partially eroded by regular Type I Edge Localised Modes (ELMs) which, however, also help to maintain
steady plasma conditions. This is the only steady-state regime which has been experimentally validated,
and is the standard operating mode foreseen for ITER. Section 2 deals with the characterisation of this
mode in D-T to allow more accurate assessments of the ignition margins and the heating requirements of
ITER. The conditions needed for high confinement (that is, the threshold for the formation of an ETB)
and the scaling of energy confinement in this regime are discussed in Sections 2.1 and 2.2 respectively,
particular emphasis being placed on the dependences on isotopic mass (A).

The global energy confinement time of these discharges is well documented empirically (the
ITERH-97Py scaling [7]), also in terms of the relevant dimensionless parameters (Section 2.3), and can
be used with confidence for extrapolation to ITER. However, the mass dependence of the ITERH-97Py
scaling conflicts with its otherwise close to gyroBohm scaling. This might be explained by separating the
thermal energy of the plasma into contributions from the core and pedestal (Fig. 1, Section 2.4 and [8]).
Of particular importance is the scale length of the ETB since this affects the pedestal energy. The scaling
of the core energy is also important since this determines the capacity for high fusion performance.

Confinement is known to fall below the ITERH-97Py scaling at the high density and radiated
power conditions foreseen for ITER, and this may be related to a fall in the pedestal energy. Furthermore,
neoclassical tearing modes are thought to be responsible for a 3 limit in long pulse discharges which is
well below the limit set by ideal MHD instabilities. These issues are addressed in Sections 2.5 [9] and 2.6
[10], respectively. Local transport analysis of ELMy H-modes, hot ion ELM-free H-modes and optimised
shear modes confirms that the transport in the edge and core are different and this is discussed in Section
2.7.

The hot ion ELM-free H-mode is the traditional mode for high performance, but is limited by the
onset of a giant ELM which destroys the fully developed ETB. Nevertheless, the Preliminary Tritium
Experiment (PTE), using a mixture of only 11% tritium and 89% deuterium in an hot ion ELM-free
H-mode, produced a peak fusion power of 1.7 MW averaging 1 MW over 2 s and a fusion gain
Pgs/Pin=0.12 [11]. This was the first controlled production of significant fusion power and the develop-
ment of the hot ion ELM-free H-mode since that time warranted its further study in D-T during 1997
(DTE1) [12].
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Performance in the optimised shear mode benefits from the formation of an Internal Transport
Barrier (ITB) which has been maintained in combination with an L-mode, ELMy H-mode or ELM-free
H-mode edge. This is an advanced mode of tokamak operation which uses profile control techniques to
engineer high plasma confinement and to develop these conditions into steady-state. This concept, if
successful, would give ignition and sustained burn at lower plasma current and toroidal field, thereby
reducing the cost of a reactor. JET has been particularly suited to such studies by virtue of its combina-
tion of heating schemes and its current drive capability and the optimised shear scenario developed in
JET has pressure profiles which are more peaked and D-D neutron yields which are higher than in the
ELM-free H-mode [13,14].

All these high performance studies helped to define the issues addressed during 1997 when JET
resumed D-T operation with a broad-based but closely focussed series of D-T experiments (DTE1) [4-6].
Records in fusion performance (Section 3.1) were set, the physics of high performance plasmas in D-T
were validated, and specific issues of D-T technology for ITER and a reactor were addressed [15]. The
most important physics objectives of DTE1 were: the heating of D-T plasmas using waves at the ion
cyclotron resonance frequency (ICRF) (Section 3.2, [16]); the demonstration of alpha particle heating to
confirm the process by which ignition and self-sustained burn would occur in a reactor (Section 3.3,
[17]); the validation of the theory of Alfvénic instabilities induced by the alpha particles (birth energy of
3.5 MeV) (Section 3.4, [17]); and the first demonstration in D-T of the control of plasma profiles in the
optimised shear mode of operation (Section 3.5, [18, 19]).

During DTEI, tritium was supplied, collected from the exhaust gases and processed by an indus-
trial scale tritium processing plant (the Active Gas Handling System, (AGHS)). This worked in a
closed-cycle with the tokamak, pumping the torus in continuous operation. Following DTE1, JET used
its unique capability for remote installation for a major modification to the JET divertor. The Mark 1A
divertor target was replaced successfully by the Mark IIGB “Gas Box” divertor using full remote han-
dling in an activated environment. These two major features of fusion technology are discussed in [15].

The retention of tritium inside the vessel is also an issue of particular importance for ITER and this
is discussed in Section 4 and in [20]. The first results from the physics experiments with the Mark I[IGB
divertor which started in early September are reported in Section 5 and [20].

2. CONFINEMENT ISSUES CRITICAL FOR HIGH PERFORMANCE

2.1. H-mode threshold power

During DTEI, the heating power needed to access the H-mode regime (the H-mode threshold
power) was determined from discharges with D-T mixtures with up to 90% concentration of tritium for
a wide range of plasma currents (1-4.5 MA) and toroidal magnetic fields (1-3.8 T). Following DTEI,
similar experiments were carried out in hydrogen (as in ASDEX [21] and JFT2-M [22]). These experi-
ments have allowed the effect of isotope mass on the H-mode threshold power to be determined, the most
notable result being that, in comparison with pure deuterium, the H-mode threshold power was lower in
D-T and lower still in pure tritium, scaling roughly as the inverse of the isotopic mass (A™") of the plasma
mixture. This can be seen in Fig. 2 which shows the loss power from the plasma plotted as a function of
the scaling P=0.76n."""B R? A™!, which has been modified from that used for ITER [2] by the inclusion
of an inverse mass dependence (the constant of proportionality has also been adjusted to give the best fit
to these JET data).

These results indicate that the power needed to access the H-mode in a pure tritium plasma (for
example, during the start-up phase when it is important to achieve the H-mode as early as possible) is
reduced by 33%, while the H-mode threshold power for a 50:50 mixture of deuterium and tritium is
reduced by 20%. This is very favourable for ITER, the operational flexibility of which would thus be
increased.

2.2. Energy confinement in ELMy H-modes

Before, during and after DTE1, steady-state ELMy H-modes were obtained for a wide range of
plasma currents (1-4.5 MA) and toroidal magnetic fields (1-3.8 T) in hydrogen, deuterium, D-T and
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trititum. The global energy confinement times were found to be consistent with the most recent version of
the multi-machine data base for this type of discharge (the ITERH-97Py scaling [7]), with its A’ isotope
mass dependence providing an acceptable fit (Fig. 3). Due to the influence of mass on the H-mode
threshold power and ELM behaviour, it was not possible to obtain the same density for the same input
power under all operating conditions. However, a more refined data set with matched power and density
in H, D, D-T and T plasmas has been constructed and this shows practically no mass dependence (A*%**%).
This is difficult to explain since a pure gyroBohm scaling has an A mass dependence.

2.3. ITER demonstration pulses in D-T

ITER demonstration pulses preserve all the relevant dimensionless parameters [23] (such as the
normalised plasma pressure [y, collisionality v* and the edge safety factor qos) close to the values of an
ignited ITER, except for the normalised plasma size (the dimensionless Larmor radius, p*=p;/a). On JET,
the level of additional heating power prevents such demonstration pulses being produced at the highest
level of performance, but at lower toroidal field and plasma current (e.g. 2 MA/2 T), the By (2.4) and
collisionality of an ignited ITER have been closely matched and q¢s was also close to the ITER value
(q95=3.2). Such a JET discharge in D-T forms the basis of a series of “wind tunnel” experiments (Fig. 4)
which are found to scale close to gyroBohm (except for the mass dependence) and extrapolate to ignition
in ITER. In fact, a gyroBohm extrapolation from this ITER demonstration pulse gives ignition at 1.8 GW
(or Q=5.8 for a Bohm extrapolation) for ITER operating at 21 MA. The required density would, how-
ever, be well above the Greenwald density limit which scales as 1/a” [24].

2.4. Towards a theoretical basis for confinement

2.4.1. Separation of confinement into core and pedestal contributions

To reach a theoretical understanding of global energy confinement, it may be useful to separate the
total thermal energy of the plasma into two contributions (Figs. 5): a pedestal energy (Fig. 5(a)) which is
determined from the edge temperature and density (assuming equal electron and ion temperatures at the
plasma edge); and a core energy (Fig. 5(b)) which is determined by subtracting the pedestal energy from
the total energy. These contributions are found to scale differently with respect to mass and other



ov1i/2

a) eH 0.5 g
| HD §
3.0 O D-T (@) 0.4k Q
OoT .
2 201 w 031
< ©
3 oo 8
o
= r . RMSE = 18% 0.2F
1.0
0.1
L IAY2T 4 1A 8
TDEd d [3) . a nPR 2 TGB O IOV8 n0'6 R2.2 P70'6 A70'2
0 | | | E 0 ! ! ! |
0 1.0 2.0 3.0 0 0.2 0.4 0.6 0.8 1.0
T
0.54 | (ATe4/2)°° GB

Fig. 5 (a) Pedestal energy plotted against that expected from an edge pressure gradient limited by bal-
looning modes over a thermal ion poloidal Larmor radius and (b) the thermal confinement time of the
core plasma plotted against the best fit for the mass dependence in a pure gyroBohm scaling for ELMy
H-mode discharges in hydrogen, deuterium, deuterium-tritium and tritium.

significant parameters. The scaling of the pedestal energy has been obtained from a free fit, constrained
to specific physics models. A particularly good fit is to a model which assumes that the gradient of the
plasma pressure in the edge is limited by ideal ballooning mode instabilities over a distance characterised
by an ion Larmor radius [25]; this leads to a positive mass dependence (A*?), as shown in Fig. 5(a). The
best fit is with the Larmor radius of the thermal ions. The corresponding core energy confinement time
(Fig. 5(b)) is found to be consistent with the A% mass dependence which would be expected from a pure
gyroBohm scaling, generic of theoretical transport models based on turbulence with a scale length given
by the ion Larmor radius.

An expression for the total energy confinement time may then be obtained [8] by adding the two
contributions. This gives an off-set non-linear form which is similar to that derived in [26]. The core
contribution, being consistent with gyroBohm scaling, would be favourable for extrapolations to a reac-
tor; the pedestal scaling shows degradation with increasing density and radiated power, but requires the
scale length for the edge transport barrier to be determined before it can be used with confidence for
extrapolations to a reactor.

2.4.2. Width of the edge transport barrier

There is strong evidence that the width of the edge transport barrier depends upon the poloidal ion
Larmor radius [8, 9, 27]. However, depending on plasma conditions, this has been associated with ther-
mal or fast ions. There are some indications in the JET data that the Larmor radius of fast ions produced
by NB heating determines the scale length of the edge pressure gradient. For example, on-axis ICRF
heating produces fewer fast ions in the edge compared with NB injection and such ICRF heated dis-
charges are characterised by high frequency Type III ELMs and low edge pressure in comparison with
NB heated discharges with the same input power. In hot ion ELM-free H-mode discharges, a mass de-
pendence is seen, with the pedestal energy being significantly higher with tritium injection into a tritium
plasma than with deuterium into deuterium. Moreover, with tritium injection into a deuterium plasma,
the pedestal pressure is also high. While the Larmor radius of fast ions provides a better fit of ELMy
H-mode discharges without gas fuelling, a similar analysis of gas fuelled discharges shows the opposite
trend [28]. More refined experiments are currently in progress.

Irrespective of what determines the pedestal width, the loss in confinement and increase in Type |
ELM frequency with gas fuelling at high density and with high radiated power can be associated with a
cooling of the plasma edge and a loss of pedestal energy. This could account for the degradation of
confinement under these conditions.



0.9 o Unfuelled
A D, fuelling
0.8~ o Impurity seeded f,4>0.4
£ 0.7
(=2}
£ 10 - u = 06
[ N .
8 r = NE co
> \ o
a \ c
5 09 o’ 505
T LI T
o L O \
= s 0.4
- \
i} 0.8 \‘
2 . 0.3
< \
© R
[} | D \
= 0.7 ; w0 ) 0.2 .
s 7
£ 06 ! ! ! ! g 0.1 8
8 0.5 0.6 0.7 0.8 0.9 1.0 0.2 0.4 0.6 0.8
N/Ngw ne/”Gw

Fig. 6 Energy confinement time relative to the  Fig. 7 Normalised n,Ty versus normalised density
ITERH-97Py scaling versus density relative to the  for unfuelled, impurity seeded and D, fuelled
Greenwald density. Confinement starts to degrade — H-modes in the JET Mark I and Mark IIA divertors
above 75% of the Greenwald density. Sor 1,=1.9-2.9 MA and triangularity 6<0.24.

2.5. Confinement at high density and high radiated power

For a given input power, it is observed in JET [9] and other tokamaks that gas fuelling of ELMy
H-mode discharges to high density leads to degradation in the global particle confinement time and an
effective density limit (the Greenwald density [24]). However, before this limit is reached, the energy
confinement time also falls below the level which might be expected from the ITERH-97Py scaling.
Figure 6 shows data from both deuterium and tritium gas puffed discharges at 2.6 T/2.6 MA heated with
11-12 MW of NB heating power. The energy confinement time is seen to fall significantly below the
ITERH-97Py value when the plasma density exceeds 0.75 of the Greenwald limit; the maximum density
achieved is 0.85 of the Greenwald limit. While there is no theoretical basis for the Greenwald density
scaling, it is expedient to identify ITER operating conditions with a density consistent with this limit. In
fact, it has been possible to extrapolate the ITER demonstration pulses obtained on JET to ITER opera-
tion at the higher plasma current of 24 MA (and correspondingly lower q9s=2.76). In this case, ignition is
predicted at the 1.05 GW level for a gyroBohm extrapolation (or Q=7.3 for a Bohm extrapolation), and
the required density is close to the Greenwald limit for these conditions.

JET discharges with neon or nitrogen seeded impurities which result in a total radiated power
>40% of the input power are characterised by Type III ELMs and show energy confinement times which
scale as ITERH-97Py, but are lower in magnitude by 25% (Fig. 7) [9].

2.6. Confinement degradation due to neoclassical tearing modes

The long pulse ELMy H-mode ITER demonstration pulses obtained during DTE1 at medium to
high By (between 2 and 3) exhibit modes with a toroidal mode number which is predominantly n=2 and
with both m=2 and m=3 components [10]. The modes are mostly triggered by a large sawtooth crash and
persist until the NB heating power is switched off. Soft X-ray camera and fast ECE electron temperature
measurements show the signature of an island at a major radius R=3.5 m (close to the q=1.5 surface)
where the electron temperature profile is flattened locally (Fig. 8). The mode is largest inside the qg=1.5
surface, extends up to the magnetic axis, and is relatively small outside the g=1.5 surface. There is good
agreement between the measured evolution of the magnetic perturbation associated with the island and
the predictions of neoclassical theory. These modes have been identified as neoclassical tearing modes.
They result in a reduction in the global energy confinement by 10-20%. It should be noted that although
these modes can appear above a normalised plasma pressure of about By=2, long pulse ELMy H-mode
discharges without continuous n=2 activity also exist up to Bx=2.6. In fact, discharges with Bx=4 have
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been sustained on JET for up to 5s. Under these conditions, the modes observed are m/n=1/1, 2/2,3
neoclassical modes and ELMs.

The data from =40 discharges with n=2 modes show a strong dependence of the critical By for the
onset of the mode with p* and a weaker dependence on v* which is of opposite sign to that of the DIII-D
scaling [29], probably reflecting the lower values of vi/(ew*)<0.1 in the JET data.

2.7. Local transport analysis

The different scalings for the pedestal and core energies (Section 2.4, [8]) are confirmed by trace
tritium experiments [30] and by local transport analysis using the TRANSP code. Figure 9 shows the ion
thermal diffusivities as a function of normalised plasma radius for similar ELMy H-mode discharges in
pure deuterium and pure tritium. It is clear that the mass dependence is different in the plasma core and
edge, with the core data being consistent with the gyroBohm scaling (A**T**B). Furthermore, a local
transport analysis of dimensionless scaling experiments in the radiative regime [9] has confirmed that,
provided the effect of variations in collisionality can be ignored, the scaling of the effective thermal
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diffusivity in the core is also consistent with gyroBohm scaling (Fig. 10). Similar conclusions can be
drawn from TRANSP analyses of hot ion ELM-free H-modes, while optimised shear discharges [31]
show that the ion thermal diffusivity is reduced within the ITB, and can even approach neoclassical [32]
levels (Fig. 11).

3. D-T PERFORMANCE AND RELATED PHYSICS

The most important results of DTE1 relate to fusion performance in ELMy and ELM-free H-modes
[12], to the physics issues of ICRF heating in D-T [16], alpha particle heating and Alfvénic instabilities
[17] and the first demonstration of the optimised shear mode in D-T [18, 19].

3.1. Fusion energy, power and gain

3.1.1. ELMy H-mode

During DTELI the best ever fusion performance in an ELMy H-mode was produced at 3.8 MA/
3.8 T. Steady-state conditions were maintained by regular Type I ELMs, resulting in the production of a
fusion energy of 21.7 MJ and a ratio of the fusion energy to the input energy of 0.18 over 3.5 s (=8 energy
confinement times). A fusion power of 4 MW was maintained for =4 s. By was limited to 1.3 by the
available additional heating power (23 MW of combined NB (90%) and ICRF (10%) heating); fusion
performance was limited by the density being too high and the temperature too low.

3.1.2. Hot ion ELM-free H-mode

The hot ion ELM-free H-mode is the traditional mode for high performance in JET plasmas [33]
and prior to DTEI reproducible discharges were obtained reliably in D-D. With good mixture control,
this performance during DTE1 led to records of fusion power and fusion gain. Five high power ELM-
free H-mode discharges produced more than 12 MW of fusion power. Figure 12 shows the pulse with the
highest fusion power of 16.1 MW. This was obtained with 25.7 MW of input power, comprising 22.3 MW
of NB heating combined with 3.1 MW of hydrogen minority ICRF heating. As with hot ion ELM-free
discharges in deuterium, the D-T discharges were transient, with the stored energy, fusion power and
electron density rising monotonically with time until limited by MHD activity (see structure in Balmer
alpha signal): first an external kink mode and then a giant ELM [34]. Following detection of the giant
ELM, the heating power is switched off to save neutrons. The ion temperature peaks at =28 keV, signifi-
cantly higher than the electron temperature which is =14 keV. As shown in Fig. 12, this pulse reaches a
record fusion gain Q;,;=Pg,s/P;,=0.62 and Q=Pfs/(Ploss-Po)=0.9520.17 [5], the value which Q;, would
reach if the same plasma conditions could be obtained in steady-state.

These experiments show no deleterious isotopic effect from the use of tritium, or alpha particle
effects on stability or confinement. They confirm that, provided the D-T mix can be optimised (as in this
case), D-T performance can be predicted on the basis of D-D experience, even in the presence of alpha
particle heating powers greater than 10% of the input power, confirming both the quality of the JET
kinetic data and the physics contained within the JET analysis codes. Indeed, the D-D to D-T fusion
power multiplier (210) is close to that expected from the respective rate coefficients [5].

3.2. Ion cyclotron resonance frequency heating of D-T plasmas

Ion Cyclotron Resonance Frequency (ICRF) heating is one of the main heating methods foreseen
for a tokamak fusion reactor and, during DTEI1, the physics and performance of four ICRF heating
schemes for D-T operation were tested successfully [35]. Furthermore, most of the results obtained in
these ICRF heating experiments are in excellent agreement with PION code predictions [16].

3.2.1. lon heating with deuterium and helium minority concentrations

Deuterium minority heating at the fundamental resonance of deuterium (wp) in tritium plasmas
was demonstrated for the first time on JET [35]. The plasma density and the deuterium minority concen-
tration (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
6 MW produced a peak fusion power of 1.66 MW. This steady-state discharge had a fusion gain of over

8



ov1i/2

Pulse No: 42976 Transp Y930 4.2MA/3.6T (IAEAML) Pulse No. 43015 3.7MA/3.7T
r p 6 M\/.\//-i-/‘y\;rwv-‘wvf-w«w‘-/\'\//';,'\A.'-\,w‘
g 4F TICRH o o Pnai o \‘\
s 8 r Diagnostic \
= / S\

(MW)

(MJ)

1.0 . il it

Quot o N , re-o9

g (1Y
0.5F /‘, /f",f:"/ .\ ., ) 9 6 o .
sflll RSN YiE g | T, (ECE g
s~ = o (ECE) T (CXS) ™2
o==""_, o« | ik 2r \ | | \ g
12.0 12.5 13.0 135 14.0 13 14 15 16 17 18

Time (s)
Time (s)

Fig. 12 Various time traces for the highest fusion  Fig. 13 H-mode plasma in which 6 MW of (D)T
yield hot ion H-mode discharge. From top to  ICRF heating power gave 1.66 MW of fusion power
bottom: input and fusion power; central ion and  and Q,,=0.22 was obtained in quasi steady-state.
electron temperatures; ratios of fusion to loss power

minus alpha particle heating power, Q,,, and of

Jusion to input power Q;, and Do+ Tg intensity.

0.22 for three plasma energy confinement times (2.7s) (Fig. 13). A deuteron energy of 125 keV was
determined from the Doppler broadening of the neutron spectrum. This is both optimum for fusion reac-
tions and close to the critical energy of thermalising fast ions, resulting in high fusion efficiency and
strong bulk ion heating.

Strong bulk ion heating was also observed with *He minority heating at the fundamental reso-
nance of *He (63y.) in approximately 50:50 D:T plasmas with 5-10% *He. The neutron spectrum shows
that the fusion reactions were thermal with central ion and electron temperatures of 13 keV and 12 keV,
respectively. This scheme seems to be the most promising ICRF heating scheme for achieving ignition in
ITER [36]. As heating progresses, the *He concentration could then be reduced as second harmonic
tritium ion heating begins to dominate (Section 3.2.2.).

3.2.2. Electron heating using the second harmonic of tritium

Second harmonic tritium and fundamental *He minority ICRF heating are competing absorption
mechanisms, since both resonances occur at the same position in the plasma. Heating at the second
harmonic of trittum (2w.r) in a 50:50 D:T plasma produces energetic tritons well above the critical
energy, resulting in =90% of the input power being coupled to the electrons. The fusion power was
typically a factor of four lower than with *He minority heating under similar conditions, but was pre-
dominantly from thermal reactions. In ITER, predictions indicate that mainly ion heating will occur
since the power density per particle will be considerably lower, resulting in triton tail ions with lower
energies. In addition, all fast ions will be confined in ITER, making it an efficient bulk ion heating
scheme.

3.3. Alpha particle heating

To separate the alpha particle heating from possible isotope effects on energy confinement, a
series of specially designed discharges was carried out in which the D-T mixture was varied from pure
deuterium to almost pure tritium while all other parameters including the external heating power
(=10.4 MW NB heating) were kept as constant as possible [17, 37]. Comparing the pure deuterium and
almost pure tritium data demonstrated (Fig. 14) that the global energy confinement time in ELM-free
H-modes has no or little dependence on isotope. The slight increase in confinement near 50:50 D:T
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mixtures is, at least in part, the result of the peaked alpha particle heating which increased the power
transferred to the electrons in the centre by =60%. The strong correlation between the maximum dia-
magnetic and thermal plasma energies and the optimum D-T mixture (Fig. 14) is a clear demonstration of
alpha particle heating. This is seen even more clearly in Fig. 15 where the central electron temperature is
plotted against the calculated alpha particle heating power for a selection of the pulses in the D-T mixture
scan. The highest electron temperature shows a clear correlation with the maximum alpha particle heat-
ing 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+0.23 keV with 1.3 MW of alpha particle heating. Furthermore, the
alpha particle heating was as effective as hydrogen minority ICRF heating in deuterium plasmas under
similar conditions which, like alpha particle heating, couples predominantly to electrons. This is a strong
indication that the confinement and slowing down of the alpha particles and their associated heating are
classical and, that in the absence of alpha particle driven TAE instabilities (Section 3.4), there are no
unexpected effects which might prevent ignition in ITER or a reactor.

3.4. Alpha particle driven Alfvénic instabilities

Toroidal Alfvén Eigenmodes (TAEs) have been observed in JET when fast particles involved in
plasma heating (eg. fast ions from ICRF or NB heating) slowing down from their birth energy resonate
with Alfvén waves. There is the potential for particle and energy losses which could damage vessel
components. During DTE1, TAEs have been identified in the magnetic fluctuation spectra with, for
example, 2wcr ICRF heating above an RF power of 5 MW [38]. Experiments performed with trititum NB
injection into tritium plasmas, deuterium into deuterium, and hydrogen into hydrogen provide an impor-
tant confirmation of the models for TAE growth rate [17]. On the otherhand, no alpha particle driven
TAEs were excited in the record fusion power D-T discharges, in agreement with calculations which
show that the normalised alpha particle pressure in these discharges is a factor of two below the threshold
for alpha particle driven instabilities [39].

10
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3.5. First demonstration of optimised shear mode in D-T

3.5.1. Formation of internal transport barriers

The principal feature of the optimised shear scenario [13, 14, 40-42] is the formation of an Internal
Transport Barrier (ITB). These have now been established for the first time in D-T [31], and for a range
of magnetic fields and divertor geometries. Power and current profile control are used to establish an
ITB, to delay the transition to an H-mode phase, and to avoid a 3 limit disruption. The formation of an
ITB is very sensitive to the q profile. 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 slow 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), high power, typically 16-18 MW of NB
heating together with 6 MW of ICRF heating, is applied.

After some scenario development, largely because of the lower H-mode threshold power (the
early appearance of ELMs prevented the formation of an I'TB) and because the q profile was different in
D-T, strong ITBs were established in D-T and with a threshold power and current profile not markedly
different from that in D-D [31].

When an ITB forms, substantial increases in plasma density and temperature occur during the first
second of high power heating. As shown in Fig. 16, the temperature gradient can reach 150 keV/m and
the pressure gradient 1 MPa/m. The input power is controlled by feedback on the neutron rate in order to
avoid excessive pressure gradients which provoke MHD instabilities. As a result, the plasma can be
maintained close to the ideal MHD stability limits for most of the heating pulse, as shown in Fig. 17 for
optimised shear discharges in D-D and in D-T [43]. In both cases, By increases as the ITB moves out-
wards with time to =2/3 of the plasma radius and the pressure profile becomes less peaked. Towards the
end of the discharge, an H-mode forms, reducing further the peaking factor, moving the discharge away
from the instability boundary but also leading to the subsequent termination of the discharge by disrup-
tion. The highest performance has been achieved with small or slightly reversed central shear and q(0) in
the range 1.5-2. In D-T, as in D-D, the foot of the steep gradient region was located just inside the g=2
surface and both moved outwards with time. This is confirmed by TRANSP simulations, which also
show that more than half of the full plasma current at peak performance was driven non-inductively, with
the bootstrap and NB driven currents being about equal and localised close to the centre.
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The neutron and time constraints on DTE1 did not allow these discharges to be fully optimised.
Nevertheless, 8.2 MW of fusion power was produced (Fig. 18), even though the central tritium concen-
tration (=34%) and central density (3.9x10" m™) were relatively low, the ion temperature (=33 keV) was
too high for maximum fusion reactions, and the power control was inadequate to prevent a terminal
disruption.

3.5.2. Modelling of optimised shear discharges

The basic transport model used at JET for a number of years comprises a combination of Bohm
and gyroBohm anomalous transport combined with neoclassical ion transport. The Bohm transport is
assumed to result from toroidal coupling of long wavelength turbulence (non-local) and the gyroBohm
transport to be produced by short wavelength turbulence which is only weakly affected by toroidicity
(local). This model has been applied successfully to a range of L-mode, ELMy H-mode and ELM-free
H-mode discharges in the JET and ITER data bases, but it requires modification in order to simulate the
formation of an ITB as observed in the optimised magnetic shear discharges. With the assumption that
the suppression of the long wavelength turbulence is sufficient to allow the formation of an ITB, the
Bohm coefficient is multiplied by a step function which depends on control parameters related to turbu-
lence stabilisation by shear in the plasma rotation and to turbulence decorrelation due to toroidicity in a
region with small magnetic shear [27].

Figure 19 shows the result of applying this model to Pulse No. 40847. Good agreement is obtained
for the time evolution of the temperature profile when it is assumed that the Bohm transport is suppressed
everywhere inside the region where the switch-off condition is satisfied. On the other hand, a model
which does not include shear in the plasma rotation fails to produce a transport barrier, while the gradual
radial expansion of the transport barrier cannot be reproduced without the stabilising term due to
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magnetic shear. Furthermore, this model which reproduces the formation of the ITB and the transition to
improved core confinement, also describes the erosion and disappearance of the ITB soon after the L-H
transition since the rapid rise in edge pressure reduces the shear in the core plasma rotation.

3.5.3. Development towards steady-state with double transport barriers

The highest fusion performance in optimised shear discharges was normally obtained by prolong-
ing the phase during which the plasma edge was in L-mode [13-14]. A significant number of discharges,
however, developed both an ITB and an ELMy H-mode edge as illustrated in Fig. 20, and still produced
a substantial fusion yield. In the discharge shown in Fig. 20, an ITB is formed and the central ion tem-
perature reaches 24 keV, while the edge ion temperature is about 3 keV, typical of an ELMy H-mode. In
fact, the ELMy H-mode edge prevents excessive pressure peaking and improves MHD stability.

In this pulse the fusion power increases from the start of the main heating phase until it reaches
6.8 MW, 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 increase of the tritium
concentration. The stored plasma energy reaches 8.8 MJ for a total input power of 18.4 MW and a corre-
sponding confinement enhancement factor Hgg=2.3 relative to the ITER89-P scaling [44]. In this pulse,
as in similar D-T and D-D pulses, the positions of the =2 magnetic surface and the ITB change only
slowly with time. This can be interpreted as a consequence of the generation of an edge bootstrap current.
At 6.3 s, the power was stepped down and it is interesting to note that the subsequent collapse of the ITB
triggers an ELM-free H-mode.

A comparison of such a double barrier (ITB plus ELMy H-mode) discharge with a conventional
ELMy H-mode discharge without an ITB in the same plasma configuration and with similar input power
(22.5 MW) shows the advantage of the double barrier plasma: the fusion triple product n;(0)T;(0)Tg reaches
4.4x10* m~keVs compared to 1.9x10°m~keVs, and the fusion gain is 0.4 compared to 0.2 [19]. In
addition, the ELMs are much smaller in amplitude in double barrier discharges (the energy loss in a
single ELM is typically a factor of ten smaller) which is of great significance because of the critically
high peak power loads on the divertor target plates in a standard ELMy H-mode ignited ITER scenario.

Although this route could not be explored further during DTE1 because of the imposed neutron
constraint, such discharges show significant promise for steady-state high fusion yield; better control of
the plasma edge and/or the current profile will however, be required.
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3.5.4. Projections to future JET operations

The potential of optimised shear discharges for future D-T operation on JET has been explored
with JETTO transport code calculations combined with MHD stability analyses [19]. LHCD is essential
to establish and maintain a wide core region of slightly negative shear, and with =3.5 MW of LHCD,
ballooning modes are suppressed and By can be raised from 2.4 to 3.0. Fusion power in the range 20-
30 MW and Q, in excess of unity are predicted at 3.9 MA/ 3.4 T with the existing heating and current
drive systems, and even higher performance with modest upgrades. However, there are significant uncer-
tainties in the particle transport, and these leave a wide margin in the predictions.

4. TRITIUM SUPPLY, CONCENTRATIONS AND IN-VESSEL INVENTORY

During DTEI, tritium was supplied, collected from the exhaust gases and processed by an indus-
trial scale trittum processing plant which worked in a closed-cycle with the tokamak, pumping the torus
in continuous operation. This allowed the site inventory of 20 g of tritium to be processed repeatedly;
99.3 g of tritium was supplied to the JET machine, requiring eight processing cycles in which the tritium
was routinely separated to better than 99.4% purity. The tritium gas was either injected directly into the
torus via a gas valve (a total of 35 g) or by NB injection. In the latter case only a small fraction of the
tritium gas supplied to the NB box was injected into the torus via the high energy tritium neutral beams.
The remaining tritium gas was trapped by the NB cryopumps and was recovered to better than 98%
accountability in nightly regenerations.

Tritium concentrations in the plasma could be relatively easily controlled by loading the walls to
an appropriate level of tritium using ohmic or low power ICRF heated discharges. Tritium concentrations
greater than 90% were readily obtained. Furthermore during DTE1 and the ensuing clean-up phase,
tritium concentrations in the plasma and exhaust gases were reduced at a rate similar to the experience
from the PTE [45].

On the other hand, the in-vessel tritium inventory developed quite differently from that in the PTE.
During the DTE1 campaign about 30% of the cumulative tritium input remained in the torus and this was
reduced to about 17% (=6 g) following extensive operation in hydrogen and deuterium; this was more
than three times larger than had been expected from the tritium retention results of the PTE. This high
level of tritium retention during and after DTE] is thought to be related to carbon films, saturated with
deuterium and tritium and found in cold regions of the divertor [45]. While most of the JET vessel was
heated to 320°C, these cold regions, shadowed from direct contact with the plasma, were cooled to
=50°C, allowing stable films to form with more than 40% hydrogen concentrations in carbon. In contrast,
at the time of the PTE, i.e. before the installation of a divertor, the whole vessel was maintained at 300°C.
Extrapolation of these tritium retention results to ITER would result in unacceptably high tritium inven-
tories; the ITER divertor needs to be re-designed to take this fully into account.

5. FIRST RESULTS WITH THE MARK IIGB DIVERTOR

5.1. Divertor studies

First results with the recently installed Mark IIGB divertor [20] indicate that the particle exhaust
and neutral compression continue to rise as the divertor becomes increasingly more closed. Furthermore,
it has been possible, for the first time, to use differential deuterium fuelling to modify the in-out symme-
try of the divertor plasma. Figure 21 shows that inner divertor fuelling causes an early onset of detach-
ment and the density limit, while outer divertor fuelling produces more equal ion fluxes to each divertor,
delays the onset of detachment and leads to a higher density limit. This behaviour may be due to the
presence of the septum.

5.2. Optimised shear studies

Optimised shear discharges with ITBs have also been produced with the newly installed Mark [1GB
divertor. The minimum power (combined NB and ICRF heating) required to trigger an ITB shows an
almost linear dependence on magnetic field (Fig. 22) for similar conditions of target density, q profile
(target q(0) being close to 2) and small ELMs at the edge. There is a greater tendency towards the
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formation of double barrier plasmas with grassy ELMs [19]. Tight control of the q profile is required
during the whole of the double barrier phase so as to avoid degradation related to the location of rational
q surfaces. With off-axis LHCD, the evolution of the q profile during the high performance phase can be
slowed down, limiting the contraction of the region of low magnetic shear after the current ramp-up
phase. Experiments which use a puff of krypton gas to radiate the power crossing the separatrix are
shown in Fig. 23. With a total input power of up to 22 MW, grassy ELMs are seen which disappear and
an I'TB forms when the radiated power reaches 8-10 MW. Later in the discharge the ELMs reappear, and
the input power (which has been stepped down) is insufficient to maintain the I'TB.

6. SUMMARY AND CONCLUSIONS

JET experiments since the 1996 IAEA Conference in Montreal reached a zenith with D-T opera-
tion in 1997 and continued with an ITER physics campaign, the installation of the Mark IIGB “Gas Box”
divertor using full remote handling techniques, and the start of operation with this more closed divertor.
These experiments have produced a wealth of unique and pertinent physics results, pointing the way
towards an improved theoretical understanding and allowing more accurate predictions for ITER.

The standard ITER operating mode (steady-state ELMy H-mode) has been well characterised
empirically and dimensionless scaling “Wind Tunnel” experiments can be extrapolated to ignition with
ITER parameters. The scaling is close to gyroBohm, but does not have the correct mass dependence. The
separation of the thermal energy of the plasma into core and pedestal contributions, confirmed by local
transport analysis, could explain this discrepancy and bring a theoretical understanding of energy con-
finement within reach. The gyroBohm nature of the core transport observed in each mode of high con-
finement has allowed high fusion performance plasmas to be produced and studied during DTE1 and
would be beneficial to ITER. The scale length of the edge transport barrier is crucial, also for extrapolat-
ing the pedestal energy to ITER.

Figure 24 summarises the development of fusion power over the last six years in JET and TFTR.
It encompasses the first ever high fusion power (1.7 MW) pulse with 11% tritium in JET in 1991 [11], the
pulse with the highest fusion power (10.7 MW) from the 50:50 D-T experiments on TFTR during the
period 1993 to 1997 [3], and finally the record pulses from the JET D-T experiments in 1997 (DTE1) [5]:
16.1 MW in an ELM-free H-mode, 8.2 MW in the optimised shear mode of operation, and 4 MW in a
steady-state ELMy H-mode discharge.
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Radio frequency heating of D-T plasmas is well understood and most effects are well simulated by
theory. The results can be extrapolated to effective bulk ion heating on the way to ignition in ITER. Alpha
particle heating has been clearly observed and is consistent with classical expectations, thus confirming
the process by which ignition would occur in a reactor. Linear stability calculations of TAEs are in good
agreement with experimental results, but the saturation of these modes and their effect on transport has
yet to be observed.

The advanced operating mode (optimised shear) has been obtained in D-T, at different magnetic
fields and with different divertors. It takes confinement towards the most favourable theoretical expecta-
tions (i.e. ion heat conduction approaching neoclassical levels) and the plasma pressure is limited in
accord with theory. A transport model which simulates the formation of the transport barrier and its
subsequent erosion following an L-H transition has been proposed. The basis for performance optimisation
(high plasma pressure, long pulse) using profile control is thus improved.

The Mark [IGB campaign has started and is already producing significant results. In the area of
divertor physics, the in/out symmetry of the divertor plasma has been modified for the first time using
differential gas fuelling, leading to higher density limits. The septum has also been used successfully as
a pumped limiter, opening up a new line of research for JET. In the area of high performance operation,
optimised shear discharges have been re-established, LHCD has been used to modify the current profile
in the high performance phase of the discharge and the puffing of krypton gas into optimised shear
discharges has been very effective in restoring L-mode edge conditions and helping to establish an ITB.

The new and exciting results already obtained with the Mark IIGB divertor testify that JET, with
its unique combination of divertor configuration, heating and profile control systems and tritium
capability, should remain, for many more years, the most valuable machine in support of ITER or any
other Next Step tokamak.
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