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ABSTRACT

High performance discharges with optimised magnetic shear having a broad or hollow current
density profile have been produced in JET. These plasmas are characterised by improved core
confinement within a region called the Internal Transport Barrier (ITB). Near the plasma cen-
tre, the ion thermal diffusivity is reduced to levels close to the standard neo-classical level in
both D-D and D-T plasmas. With D-D fuel, a JET record neutron yielg £R5.6x 1016 s1)

was produced and, with D-T fuel, L-mode discharges with 7.2 MW of fusion power, and H-
mode discharges with up to 8.2 MW of fusion power are obtained. Central ion temperatures
approaching 40 keV, ion temperature gradients of 150 k&¥ind plasma pressure gradients of

106 Pa ml are observed in D-T leading to a fusion triple prodyEttp= (1.1+ 0.2) x 10?1

m-3 keVs. Central toroidal rotation frequencies up to 37 kHz are observed and the rotational
flow near the radius of the ITB is strongly sheared. These plasmas are prepared by applying
Lower Hybrid Current Drive (LHCD) and lon Cyclotron Resonance Heating (ICRH) during the
early current ramp-up phase, “freezing-in” a flat or possibly slightly hollow current density
profile; into this target the main heating, consisting of combined Neutral Beam Injection (NBI)
and ICRH, is applied. By superposing an ITB with an edge barrier (ELMy H-mode), near steady-
state conditions (H-89 2 for four energy confinement times) with high fusion yield have been
achieved, offering a possible route towards quasi-steady-state. High fusion yield, quasi-steady-
state plasmas with confinement significantly above the standard sawtoothing ELMy H-mode
can be achieved in this way. The techniques previously developed with D-D plasmas were modi-
fied to allow an L-mode ITB to form in D-T with a lower L to H-mode power threshold. The
heating power and thegprofile were similar in both cases. ICRH plays a key role in the direct
heating of core ions which allows real-time control of the central pressure profile.

1. INTRODUCTION

A major part of the present development of thermonuclear fusion power in tokamaks is the
exploration of methods to reduce energy losses from the plasma core. Improvements in fusion
performance can be made by optimising the kinetic pressure profile - within the boundaries
imposed by MHD stability. In standard H-mode edge barrier plasmas, a thermal transport bar-
rier forms in a narrow radial region just inside the magnetic separatrix, giving rise to a character-
istically steep edge pressure gradient which is associated with the relaxation phenomena of
edge-localised MHD modes (ELMs). High fusion performance can be obtained transiently in
the H-mode ELM-free regime; however, eventually the edge pressure gradient becomes suffi-
ciently large to destabilise ballooning MHD modes which ultimately limit steady-state fusion
performance. H-mode discharges with continuous ELM activity present offer better prospects
for steady-state performance, however in this case the global fusion performance is reduced.



The main problem with the standard hot-ion H-mode regime is that the core transport is signifi-
cantly faster than transport though the edge transport barrier. The result of this is an early loss of
of the MHD stability at the plasma edge while the core plasma is still far from being either kink
and ballooning unstable. In H-mode discharges the central plasma pressure is also limited by
MHD sawteeth as well as by other MHD activity, such as neo-classical tearing modes. To im-
prove the performance of the hot-ion H-mode, one therefore must seek ways to reduce the core
transport as well as that at the edge, by allowing an internal transport barrier (ITB) to co-exist
with the edge H-mode barrier. With the higher core ion pressures produced inside an ion ITB the
fusion reactivity is enhanced. Establishing an electron internal transport barrier is also important
since, in a fusion reactor burning D-T fuel, the alpha-particle heating efficiency can be increased
inside the ITB by locally reducing the electron conductive and convective losses.

To improve central plasma performance, sawteeth can be avoided for some time by oper-
ating the tokamak with a value of the central safety fag{@),>1, a regime that can be accessed
by applying additional heating during the current rise phase. Improved central confinement and
high performance have both been demonstrated on JET by central pellet fuelling of sawtooth-
free discharges combined with intense central heating [1]. The central magnetic shear
(s=r/g(dg/dr)) in these discharges was low and possibly negative [2]. Anumber of other tokamak
devices (TFTR [3], DIII-D [4] and JT60 [5]) have recently reported the formation of internal
transport barriers using neutral beam injection (NBI) auxiliary heating during the current rise.
All have demonstrated improvements in the central confinement and in fusion performance with
the formation of a high temperature and high density core plasmas.

The use of ICRH, available on JET in addition to NBI, adds a second additional heating
system which has been used to explore further the improved regimes. Radiofrequency (RF)
power is used to excite a fast magnetosonic wave, to which the high density plasma core is
accessible. The wave is absorbed at a cyclotron resonance which is positioned in major radius
(usually the plasma centre) by the choice of magnetic field and RF frequency. ICRH performs
three key roles in these discharges. In the preheating phase it delays the current penetration,
during the formation time of the internal transport barrier it produces steep pressure gradients
near the plasma centre, and, during the growth phase of the internal transport barrier, it supple-
ments the central ion heating and helps to maintain the steep ion pressure gradient. When high
power combined ICRF and NBI heating is applied to JET plasmas during the early current rise
phase (the optimised shear regime), the central plasma confinement is observed to improve
when the magnetic shear in the central region is close to zero [6 - 10]. ITB discharges with
improved fusion reactivity have been obtained in the JET ELM-free regime as well as in the
ELM-ing regime - the so-called “double barrier” regime. In these cases the peaking of pressure
profile is limited by pressure-driven MHD kink modes [11].



2. SCENARIO FOR THE JET OPTIMISED SHEAR REGIME

Theory predicts that turbulent cross-field energy transport will be reduced in plasmas with low
or reversed magnetic shear. However, in standard (un-optimised magnetic shear) tokamak plasmas,
the ohmic current density profile naturally tends to peak on axis lowgi@gTo broaden the
current density profile for some time, we have therefore prepared target plasmas in JET by
applying additional heating (primarily of electrons) during the current ramp-up phase which
increases the poloidal field diffusion time and delays current penetration. This produces a low
central magnetic shear plasma target w(@) > 1. Once suitable target plasma conditions are
achieved, the additional heating power is increased strongly to produce a plasma with a steep
ion pressure gradient and sheared rotational flow. These conditions lead to low energy transport
coefficients inside an ITB [12]. As the pressure gradient increases, the bootstrap current in-
creases to provide approximately 30 % of the plasma current off-axis. The maintainance of an
optimum magnetic configuration in steady-state is a problem for which the use of non-inductive
current profile control is eventually seen as a permanent solution. A summary of the JET Optimised
Shear discharges analysed in this paper is given in the Table.

Pulse Gas PRF PNBI Comments

ITB + ElImy H-mode edge; quasi-steady-
state

40542 DD 6.0 MW 195 MW

40554 DD 6 MW 187 MW Highest performance DD pulse.

BT =34T
40847 DD 6.1 MW |19 MW ne peaked
42426 DD 6.2 MW [182 MW BT =38T.
(D) 8.1 MW
42733 DT 6.1 MW (T) 10.3 MW ITB + ElImy edge

(D) 9.2 MW Highest performance DT pulse.
(MY72MW  [BT=34T

(D) 11 MW
(T) 10.6 MW

42746 DT 6.1 MW

42982 DT 3 MW Reference to 42733; EImy H-mode edge

The scenario for ITB Production was developed first in D-D plasmas and then found, with
some modifications, to be directly applicable in D-T plasmas. Generally, the early triggering of
an ITB, soon after application of the main heating, gave the highest subsequent fusion perform-
ance. The central problem in the D-T plasma development work was the lower L- to H-mode
power threshold [13] which meant that careful tuning of waveforms was needed to avoid a
premature transition to the H-mode. In D-T plasmas, ITBs formed at similar NBI power levels



Pulse No: 42426

and g-profiles. The T / T+D concentration
achieved was ~ 35%.
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In the preheating phase (beforet=5s), 1 MW &
of central ICRH is applied and the target cene A
tral electron density is 1610"°m 3, The main
heating is applied at t = 5.5 s consisting of upz 0 c

to 17.5 MW of NBI power and 6.0 MW of cen- 0 5.0 Tin?-eO(S) 7.0 8.0

tral ICRH power applied in ramp-up phase 0Igigure 1. Overview of JET high performance optimised
the plasma current. An L-mode ITB formeghear pulse No. 42426 showing the ramp-up phase of

after this time and the peak values of diamaﬁle plasma current (trace) during which combined
deuterium neutral beam injectionyB|<17.5 MW) and

netic stored energy (Wi&= 12.5 '\g‘])’ BCentral central ICRH (RRg < 6.0 MW) was applied (trads).
electron density ¢0) = 6x 10" m ) and Trace c shows that the diamagnetic stored energy
central ion temperature |(D) = 32 keV) are reached a peak value ofdy= 12.5 MJ at time 7 s.

. Traces €) and @) show the central values of electron
achieved. The peak central electron tempergsnsity, ion and electron temperatures reach peak val-

ture is Ty(0) =13 keV and the peak D-D neudes of o= 6 x 10193, Tjg = 32 keV and Tp=13

. 6 -1 keV. The total DD and DT neutron emission (trélce
tron rate RiTis 5.6% 10 st An ELM-free reaches a maximum rate Bbp+ Rpp = 8.1 x 1016

H-mode forms from 6.68 s until 7.1 s when the?l, of whichRpp= 5.6 x 106 s1 was from DD fusion

high performance phase is terminated by rg_actions. The intensity ofgP emission is shown in
. traceg.

giant ELM.

JG97.553/1c

3. EVOLUTION OF PLASMA PROFILES AND THE ITB

The evolution of the electron density profile is shown in Fig. 2. The target plasma is shown at t
= 5.3 s when the neutral beam powemngP= 8 MW. An ITB forms 100 ms after application of

the full heating power att ~ 5.6 s. The ITB expands to a normalised ragiggof 0.55 at t ~

6.7 s; with central fuelling from NBI, the density becomes peaked (it reaching up to 8

10 m>. When the ELM-free H-mode triggers (att = 6.68 s), the eg@®increases sharply

and the density peaking is maintained into the H-mode phase up to the time of the giant ELM.
The peak fusion performance is reached att = 7.0 s.

The evolution of the ion temperature, angular rotation and plasma pressure profiles is
shown in Figs. 3-5. Each of these quantities becomes peaked inside the ITB. During the L-mode
phase, early steep gradients form in an radially expanding region of low particle and thermal
transport. In this pulse, central toroidal rotation frequencies up to 32 kHz are observed and the
rotational flow near the radius of the ITB is strongly sheared in the interval 0.4 8.6.
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Figurg 2. Evolution of LIDAR profilles of elgctron ”Umbe?igure 3. Evolution of the ion temperature profile (from
denglty mapped onto the normg!lsgd radial co-ordinatgnarge-exchange recombination measurements) mapped
p, with the TRANSP code equilibrium. Note the strongnto the normalised radial co-ordinatep, with the
peaking of the density which occurred during the LTRANSP code equilibrium. Note the early presence of a

mode phase (time= 6.6 s) which persisted into the H-steep gradient region which expanded radially with time
mode phasg (time> 6.68 s) at which time the den5|tYindicating the formation of a region of low transport
at the edge increased sharply. (internal transport barrier).
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Figure 4. Evolution of the angular rotation profile (fromFigure 5.Evolution of the plasma pressure profile show-

charge-exchange recombination measurements) mappad the formation of a steep gradient region that moved

onto the normalised radial co-ordinatg,. Note the early radially outwards with time during the L-mode phase.

presence of a steep gradient region which expanddthe maximum central pressupg € 3.8 x 10° Pa) was

radially with time indicating the formation of a regionattained near the time of the LH transition (tie

of low momentum transport. 6.68 s) after which the innep £0.4) pressure gradient
decreased and the outqy £ 0.4) pressure gradient in-
creased.

Peak central values of(D) = 32 keV and plasma pressure p(0) = 4 bar are achieved. The ion
ITB footpoint is revealed in the plot of the contours®T; ; the ITB footpoint radius follows
the line of the maximum in Fig. 6. Between t = 5.5 s to 6.5 s, the ITB expands at a rate of



approximately 0.5 m & At time 6.68 s, the gradients insigde- 0.4 decrease and those outside
increase indicating the formation of an outer (edge) ELM-free H-mode transport barrier.

The g-profile (Fig. 7) was reconstructed initially with the EFIT equilibrium during the
low-3 phase of the discharge and then allowed to evolve during the3tppase using the
TRANSP equilibrium solver, including the effects of the plasma pressure profile and the non-
inductive beam-driven and bootstrap currents. The rate of current diffusion was calculated clas-
sically. Up to time of the main heatimgremains above two and increases monotonically with
radius. However, at the time of the ITB formation (t = 5.@sflattens aroung = 0.25 withq
~ 2. The ITB grows with thg=2 surface in the plasma. Subsequently, there is possibly a weak
shear reversal. At the time of peak performaqe€? insidep ~ 0.55 with a minimungmin(0.43)
~1.9.
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Figure 6.Evolution of the position of the ‘footpoint’ ofFigure 7. Evolution of the safety factor profile from com-

the internal transport barrier revealed as contours obined TRANSP and EFIT reconstruction. This recon-
D2Ti in the time-normalised radius plane for a toroidalstruction is consistent with the formation of a region of

field BT = 3.8 T deuterium-tritium pulse (No. 42940)negative shear during the high performance (ITB) phase
which produced a fusion power of 7.2 MW in the L-modsf the discharge.

phase. The position of tlye= 2 magnetic surface, com-

puted using the TRANSP code, is indicated by the dashed

line.

The breakdown of the total current from TRANSP calculation is shown in Fig. 8 with
current density profiles shown in Figs. 9 and 10. During the early ITB phase the current density
profile, j(r), is flattened in the central region by the beam-driven current. As the plasma density
builds up inside the ITB, this current is decreased in magnitude. During the later ITB phase, j(r)
continues to be flattened in the central region by the bootstrap current. The total bootstrap cur-
rent constitutes up to 30% of the total plasma current.

Fig. 11 shows that the footpoints gf,Ton thermal diffusivityy; , momentum diffusivity,

X and p are aligned (withifdp = 0.1) with each other. Also plotted is the evolution of the
calculatedy = 2 rational surface which aligns well with the plasma footpoints.
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Figure 8. Composition of the total plasma current. TotaFigure 9. Current density profiles at tihe 5.7 s. Totall
current: Ip ; ohmic current: p; beam-driven current:  current density: o1, ohmic current density:gn,
IgD; and bootstrap current.ds bootstrap current densitygg and beam-driven current
density: gp.
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Figure 10. Current density profiles at tirme 6.7 s when Figure 11. ITB footpoint radii of various quantitieg.T

the bootstrap current reaches a maximum value. ion temperatureXj : ion thermal diffusivity2(¢: angu-
lar momentum diffusivity, anden electron density.
These are plotted with the radius of tipe2 rational
surface.

4. DIRECT ICRH ION HEATING OF THE ITB

Central ICRF heating [14] wittt/2 phasing and frequenéy 51.2 MHz v =Wy = 20p )

was applied in pulse No. 40554. The RF power absorbed by the various species is shown in
Fig. 12. In this calculation a bounce-averaged Fokker-Planck model in the TRANSP code was
used, which included the computation of the RF power damped on the injected deuterium ions at
second harmonic resonanee = 2w.p, and the resultant distortion of the beam distribution due

to this interaction. The split of the damped RF fast wave power between deuteflan(



hydrogen PR) ions depends on the concentration of minority partiejes:ny / (nq + np) in
the central resonance layer and is given by the approximate relation [15]

Bbpbo &)
A 0

wherefp is the beta value of the deuterium ions. Thus, for a given minority concentration, the
fast wave power damped on the ions increases in proportion to the core ion pressure. In the
modelling, the calculated value of diamagnetic
stored energy, Wa, is largely insensitive to the
assumed value of , but the calculated D-D
neutron rate, R, is sensitive to this param-
eter [16, 17]. Both PION and TRANSP modg 4
els are able to obtain good agreement betwegn
the calculated and measured D-D neutron ra@,
RNT, assuming a fixed concentrationrpf= 3 i ol
% in pulse No. 40554. For reference, the effect
of assuming a lower valug = 1.6 % in pulse

A is also shown in Fig. 12. Reducing the mi- o
nority concentration lowers the total RF power ' Time (5)

absorbed on the minority ions and increases thigure 12. RF power absorbed by the various species

power absorbed on the deuterium ions, by a r pure deuterium pulse No. 40554. The traces are: to-
’ al coupled RF power (RF ), power absorbed by mi-

proximately 1 MW. Withn = 1.6 %, the total ity H ions (RREmin), RF power absorbed directly
predicted D-D neutron emission rate from they D ions and RF power absorbed directly by thermal

. . L -..-electrons (RF de). Two cases are shown with assumed
0 1
plasma increased by 8%, which lies just Wlthlﬁydrogen minority concentrations of 3% and 1.6%,
the measurement error band.

Pulse No: 40554

JG98.434/1c

As the coupled RF powergR, is ramped up (frorh= 5 s to 5.5 s), the power absorption
takes place predominantly on the hydrogen minority ions.-A5.5 s, with the formation of an
internal transport barrier and the build-up of energetic injected deuterium ion density, the central
pressure of deuterium ionSp, (0) increases to a level whereyg, damping (RRgj) in the hot
core becomes significant with respect to the local ion energy balance and comparable with the
minority damping (Bgmin). Of the RF power coupled to the deuterium, most went to the
injected beam ions having energies E > 3/ad only a relatively small amount to the thermal
deuterons with energies E < 3/2 The average energy of the NBI deuteronsysiE, per-
turbed by the RF interaction, increases the average energy of the NBI deuterons by typically a
few tens of keV in the central part of the plasma 0.25. The relatively modest increase in
<Eypg;> is insufficiently large to produce a strong deuterium tail (which could have enhanced
the D-D beam-thermal fusion rate in the plasma centre [16], and led to data inconsistencies).
The perturbed deuterium population still has an average energy lying significantly below the



critical energy where fast ions experience equal ion-ion and ion-electron friction [18]. In the
example shown, &it(0) ~ 190 keV. The ratio of NBI ion to electron heating power is therefore
not strongly affected by the RF interaction and still remains weighted strongly towards ion
heating.

5. DOUBLE TRANSPORT BARRIERS - QUASI-STEADY STATE

In the discharges described above, an ITB forms during the L-mode phase and, after a period of
core pressure evolution in which most of the enhancement in performance occurs in the plasma
core, an ELM-free H-mode is triggered in which the inner pressure gradient weakens and the
edge pressure gradient steepens. Eventually the edge pressure gradient reaches the MHD bal-
looning limit and the high performance phase is terminated by a giant ELM. This route does not
permit steady-state operation. However, if the ITB is superposed on an ELMy H-mode with
appropriate edge conditions, the frequent small ELMs continually relax the edge pressure gradi-
ent, allowing a possible route to quasi-steady-state operation with a combination of edge and
internal transport barriers. We have performed initial experiments in this so-called “double bar-
rier” regime to attempt to further optimise the plasma pressure profile and explore the potential
for possible quasi-steady-state operation. Examples [19] are shown in Fig. 13, comparing D-T
pulse 42733 (optimised shear plus ELMy H-mode type) with pulse 42982 (standard ELMy H-
mode type). In pulse 42733, the NBI power was stepped down for neutron economy. In this
double barrier pulse, the ELMy H-mode edge conditions persisted until the NBI step-down

Pulse No: 42733 Pulse No: 42982 JG97.560/9¢
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Figure 13. Comparison of the “double barrier” D-T pulse No. 42733 with the standard ELMy H-mode D-T pulse
No. 42982.



time. The ITER H89-P normalised confinement _ ! T hmode > IT8B:
factor was higher (reaching 2.2) than in the ret,fg: 250 ) |

Pulse No:
40542

erence pulse (reaching approximately 1.8) andf 0 T T0)

the D-T fusion power reached approximatelyg 20} |

7 MW, compared with approximately 4 MW g

in the reference pulse. The fusion gain, Q, Wa:sag

higher also, reaching approximately 0.4, coms 5 101"

pared with 0.25 in the reference pulse. -
Another example of the double barrier- |

regime in which the NBI power was applied

for a longer duration is shown in Fig.14 for D-* 2 O-ZW

D fuelling. The ITB forms shortly after the step- N v

up in the NBI power at time t = 5.4 s, an H-

mode is triggered at time 6.15 s, and the ELMy 0 00 © 0

H-mode edge persists throughout the main hegfgure 14. A “double barrier” D-D pulse No. 40542 in

ing pulse until the NBI step-down at timeduasi-steady conditions.

7.5 s. In this case the confinement was

maintained at a level of H89-P ~ 2 for four energy replacement times. Both of these examples

indicate that the double barrier regime offers promise for establishing quasi-steady-state en-

hanced performance discharges [19] .
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6. ENERGY BALANCE AND TRANSPORT COEFFICIENTS

The TRANSP code was used to determine the evolution of the plasma energy transport coeffi-
cients, particularly in the ion heat loss channel which is dominant in these discharges. A com-
parison is made between the measured ion thermal diffusivity the standard neoclassical ion
thermal diffusivity [20]. Typical JET optimised shear plasmas are characterised by high central
values of ion temperature and low central poloidal field. The thermal ion banana widths can
become large and comparable with typical length scales near the plasma centre. This means that
the comparison between compuggd/alues and the standard neoclassiggddo) values be-

comes increasingly uncertain as the centre of the plasma is reached [21]; in our case this occurs
typically inside a normalised radius pf 0.15. With the formation of the ITB, the strongest
improvement in the transport coefficients was found to be in the ion thermal diffugiviton
formation of the ITB,Xj decreases initially in the centre of the plasma and this is then followed

by a region of reducegi which expands radially, following a trajectory inside the footpoint of

the ITB. Fig. 15 shows the comparison of the profiles of ion thermal diffusivity (measured and
standard neoclassical) of D-D and a D-T ITB discharges. The presence of the ITB dggreases
by about an order of magnitude. In the central region of the plasma, near-neoclassical levels of
ion energy transport are indicated. This conclusion is independent of the D-D or D-T fuelling.

10



An electron ITB [22] also forms (Fig. 16) in these discharges and its position and expansion rate
agrees well those of the ion ITB. A reduction, by a factor of typically 2, in the electron thermal
diffusivity, xe, is also observed from transport studies.

Time refers to start of high power phase (5.4s)

ITB

10r

= | DT =
& (42746) <
E T =
< T — Typical error -
r bars
i O DD
\\ (40847)
0.1~ T .
r J-..DD From neo-classical ° 3
i DT S~ e theory ... Pulse No. 40554 D-D 2
1 1 1 L 1 ¢ \ \ \ \ \ \ L8
0 0.2 0.4 0.6 %.1 3.2 3.3 34 35 3.6 3.7 3.8

Major radius (m)

Figure 15. Plot of the profiles of the ion thermal diffufigure 16. Evolution of the electron temperature pro-
sivity, i , at various radii for pure D-D and D-T pulsesfiles; for pulse No. 40554.

7. DISCUSSION

The physics underlying the formation of the ITB is not well understood at present. Different
theoretical ideas of the ITB formation include: the stabilisation of trapped electron and balloon-
ing mode turbulence by negative magnetic shear, turbulence stabilisation by a sheared plasma
rotational flow, and a decoupling and suppression of the toroidally linked tubulence by a combi-
nation of low magnetic shear and a sheared plasma rotational flow. A predictive transport model
[23] has been used to test the JET empirical transport model which is composed of a linear
combination of Bohm, gyroBohm and neoclassical transport coefficients. Each of the three theo-
retical models was tested by choosing the method of choosing fitting parameters which pre-
multiply the Bohm coefficient in the empirical transport model. If only the magnetic shear was
included, an ITB is formed but there is no radial expansion, as observed experimentally. If, on
the other hand, only a strongly sheared plasma rotational flow is included, an ITB forms with an
expansion rate much faster than the experimental observation and the resulting ion temperature
profile is too broad. The best agreement with the experimental time-varying plasma profiles is
obtained using a model which combines a weak magnetic shear and a strongly sheared plasma
rotational flow. In this model the ITB dynamics are well reproduced, in particular, the forma-
tion, expansion and the contraction (H-mode) phases. This modelling has yet to be completed
for the electron ITB.
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8. CONCLUSIONS AND SUMMARY

Recent experiments on the JET tokamak have demonstrated the triggering of ITBs in both D-D
and D-T plasmas with similar power levels and plasma current profile with the main heating
applied during the ramp-up of the plasma current. The ITB is found to be triggered when the
magnetiag=2 surface appears in the plasma for D-D and in D-T plasmas. During the early ITB
phase [14] the plasma energy content is dominated by fast ions with roughly half originating
from ICRH energetic minority protons (with particle energies in the range of a few MeV) and
the remainder from NBI ions (with particle energies in the range of 100 keV). During this phase,
the ICRH energetic ions have large banana widths and precess around the torus forming a toroidal
current which tends to flatten the current density profile and gégeln this early phase, the
neutral beam-driven current also tends to flatten j(r). The footpoints of the rotation, electron
density, electron and ion temperature ITBs form and evolve similarly, and expand at a rate ~ 0.5
m s1 out to a maximum normalised radiuspof 0.6. Characteristic of the evolved ITB state is

the strong peaking of the profiles of electron density (with central values umm}%m%), ion
temperature (with central values up to 40 keV) electron temperature (with central values up to
14 keV) and plasma pressure (with central values up to 4 bar). MHD analysis shows the pressure
profile to be limited by pressure-driven glob&ll kink modes [11].

In ITB plasmas with both D-D and in D-T fuelling, the ion thermal diffusivity is decreased
to levels close to the standard neo-classical levels in the plasma core. In the later, more evolved
ITB phase, the plasma energy content is predominantly thermal, comprising typically up to 70%
of the total energy in the case of the more optimised D-D plasmas. At the peak fusion perform-
ance time, up to 50% of the D-T fusion reactions come from the thermal core, a fraction which
increases to ~ 70% in the case of D-D plasmas owing to the higher plasma density in these cases.
During the later evolved ITB phase, the steep plasma pressure profile produces a bootstrap
current (up to ~ 30% of the total current) which serves to maintain the flattening of j(r). When
the hot ion core forms, the centrally deposited ICRH power switches from predominantly hy-
drogen minority heating (which is coupled mainly to electrons) to direct bulk ion heating at
second harmonic deuterium resonance. Variation of the ICRH power is used in real time to
effectively control the plasma pressure profile in the confinement region. Up to 8.2 MW of D-

T fusion power was produced in the H-mode and up to 7.2 MW in the L-mode. The fusion triple
product reached values up torgT = (1.1+ 0.2) 11 m3 s keV in these plasmas.

Double barrier quasi-steady-state plasmas with superposed ITBs and an ELMy H-mode
edge have also been produced and maintained for up to four energy replacement times. In D-T
the fusion power reachedy®= 7 MW in this mode and significant enhancements in fusion
gain, Q, and ITER89-P normalised confinement were obtained over the standard ELMy
sawtoothing H-mode plasma.

Based on the empirical JET transport scaling model with extra terms introduced to sup-
press turbulence, predictive modelling indicates the need to include the effects of both magnetic
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and velocity shear to obtain agreement with experiment. Only in this way could both the growth
rate and the size of the ITB be simulated adequately.

The optimisation of the ITB and double barrier discharges on JET is, however, not yet

complete. Further work to do includes the following:

1) Increase the density in D-T plasmas by further optimisation of the NBI fuelling,

2)  Control the plasma pressure profile in the confinement region and widen the ITB,

3) Control the edge pressure profile by gas puffing in the quest for quasi-steady-state, and

4)  Control the current density profile using LHCD to increase the MHD stability .
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