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ABSTRACT

Discharge optimisation for improving MHD stability of both core and edge was essential for the
achievement of record fusion power discharges, in the ELM-free hot-ion H-mode regime, in the
recent JET deuterium-tritium operation. In this paper the techniques used to increase edge sta-
bility are described. In particular the paper reports on the successful technique of current ramp-
down used to suppress the outer mode. The increased stability of the outer mode by decreasing
the edge current density confirms its identification as an n=1 external kink [1]. Decreasing the
plasma current, however, decreases the ELM-free period, which is consistent with stability cal-
culations that show an earlier onset of the ballooning limit. In order to increase external kink
stability without deteriorating the ELM-free period, a compromise was achieved by using plasma
current ramp-down, while working at the highest plasma current values possible. Results from a
plasma current scan show that at the time of occurrence of the first giant ELM, the plasma stored
energy as well as the pressure measured at the top of the edge pedestal increase linearly with
plasma current, for a given plasma configuration and power. This is consistent with models of
the edge transport barrier, where the transport barrier width is proportional to the ion (or fast
ion) poloidal Larmor radius. The MHD observations in deuterium-tritium and deuterium only
discharges were found to be similar. Thus the experience gained on the control of MHD modes
in deuterium plasmas could be fully exploited in the deuterium-tritium campaign.

1. INTRODUCTION

JET ELM-free hot-ion H-modes [2, 3] are limited by magneto-hydro-dynamic (MHD) instabili-

ties in the plasma core, associated with the sawtooth instability, as well as by instabilities near
the edge such as outer modes and edge localised modes (ELMSs) [4]. In order to reach the stored
energy, and hence fusion performance, expected from the underlying confinement, the MHD
phenomena should be suppressed. Experimental results show that the best performance is ob-
tained when both core and edge MHD phenomena occur late in the heating phase.

The Hot-ion H-mode regime describes plasmas where the ion temperature exceeds the
electron temperature, by factors of 2-3, over a large portion of the plasma volume. This is ob-
tained by heating low density plasmas with neutral beam injection (NBI). These plasmas are
characterised by an ELM-free period, when the total plasma stored energy, as well as the edge
pedestal pressure, rise until limited by an MHD event. Edge MHD phenomena, outer modes and
giant ELMs, have been a main concern, since they account for over 70% of the performance
limitations observed in this regime [4], whist the remaining plasmas are limited by large sawtooth
crashes.

In JET Hot-ion H-mode discharges, large pressure gradients and large associated bootstrap
currents develop at the edge of the plasma. Ballooning and kink stability analysis of several
discharges shows that, in general, both outer modes and ELMs occur near the external kink



marginal stability. The outer mode is observed first, then as the edge pressure approaches the
ballooning limit the first giant ELM is observed. At relatively low shaping, with typical triangu-
larity &~ 0.35 and, at low values of the poloidal beta paranf&igr, 1, there is no access to the
second stability region, since external kink modes become unstable well before the edge be-
comes second stable to ballooning modes [5]. This is quite different from DIII-D [6, 7] and C-
MOD [8, 9] results where confinement limitation due to giant ELMs is observed when the edge

is in the second stability regime.

MHD modelling has indicated several possible paths to increase the edge stability and,
although, it has not been possible to eliminate entirely the MHD modes, successful measures
have been taken to delay their onset. In particular this paper will report on the application of
controlled reduction of the plasma current (current ramp-down) to the stabilisation of the outer
modes, and on the effect of the plasma current itself on raising the threshold for the occurrence
of the ELM. The technique of current ramp-down, where the flat-top plasma current value is
reduced with a rate gltit~0.3-0.5 MA/s, has been used routinely as a discharge optimisation
technique during hot-ion H-mode operation with the JET MKII divertor [10]. Instead of the
irreversible collapse of the hot-ion H-mode regime which used to be observed at the onset of
outer modes [4], plasma current ramp-down, either delays the outer modes or decreases their
amplitudes, with a substantial improvement in neutron yield. Once the outer mode has been
delayed, the duration of the high performance phase is determined by the time when the first
giant ELM appears. Unfortunately, as it will be shown, decreasing the plasma current has an
adverse effect on the onset of the giant ELM. Plasma current scans show quite clearly that the
ELM-free period increases when the plasma current is increased. A compromise was achieved
by using current ramp-down, while working at the highest plasma current values possible. These
techniques for careful control of edge (and core MHD activity, which is presented in a separate
paper [11]) were exploited in the recent deuterium-tritium (D-T) campaign (the DTE1 campaign
[12]), to demonstrate both high fusion yield [13] and significant alpha particle heating [14].

This paper is organised as follows. In section 2 of this paper, an overview of the MHD
modes observed in the high performance phase of a hot-ion H mode is given. This is followed by
a more detailed description of the modes observed at the edge at the termination of the high
performance phase. (MHD observations in the JET optimised shear plasmas are the subject of a
separate paper [15]). In section 3 results of different plasma configuration scans showing a clear
effect on the onset of the edge MHD activity are summarised. In section 4 we will show a
comparison of both observations and stability calculations for discharges with and without cur-
rent ramp-down. The effect of decreasing the plasma current on both outer modes and ELMs is
discussed. In section 5, the results of a plasma current scan are shown. In particular the depend-
ence of the edge pressure and the ELM-free period on plasma current are discussed. The MHD
activity observed in the high performance D-T pulses is described in section 6.



2. MHD OBSERVATIONS
2a. MHD overview

The rich variety of MHD modes observed in the JET ELM-free plasmas with frequencies up to
125kHz and their correlation with changes in the neutron rate, has been described in two previ-
ous publications [4,16]. More recently, the installation of magnetic pick-up coils which measure
fluctuations up to 1 MHz, during a time window of 4 s, provided a more complete view of the
evolution of the MHD activity throughout a hot-ion H-mode plasma. It has also allowed a clear
identification of high frequency modes, such as the toroidal Alfven-eigenmodes (TAE) [17] and
the “washboard” modes [18].

Figure 1 gives an overview of the MHD
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observed at frequencies below 40 kHz such as sawtooth-related oscillations and outer modes,
and the giant ELMs which are seen in the FFT plot as a fast broadband event. Figure 1 shows,
throughout the heating phase, oscillations with frequencies of 20-30 kHz (corresponding to the
frequency of rotation of the plasma core) related to fishbones and sawteeth. A sawtooth crash is
not observed in this discharge, however large sawtooth crashes when present during the high
performance phase, can cause irreversible saturation of the neutron rate [4,11]. At even lower
frequencies, typically 5-10 kHz (the plasma rotation frequency at the edge), one finds edge
modes referred to as “outer modes”. In figure 1, bursts of outer modes are observed at 13.24 s
and 13.44 s. The second outer mode precedes the giant ELM which terminates the high perform-
ance phase in this discharge. Both outer modes and ELMs can be also identified by characteris-
tic increases in |3 as seen in the top trace of figure 1.

N.B. Figure 1, shows an exceptionally good discharge, where the first outer mode burst
does not prevent good performance. This has not always been the case as will be shown below.

2b. Observations of edge instabilities

“Outer mode” is the name given at JET to MHD oscillations observed around and beyond the
g=3 surface, with low toroidal mode numbers, the most typical being n=1 with m=4-7. The
mode structure observed in SXR data is described in detail in [1], where it is shown to be con-
sistent with that of external kinks. Although the outer mode is localised near the edge, changes
in plasma transport are observed in the core of the plasma, with a typical decrease in plasma
stored energy of ~5%. The largest effect, however, is observed in the ceatrdlifi the neu-

tron yield. In some cases the hot-ion H-mode regime is totally lost (see examples given in ref.
[4], where the hot-ion H-mode regime is terminated well before the onset of giant ELMS), in
others the rise of the neutron yield is temporary clamped, as shown in figures 1 and 2. In most
cases however, the confinement time and neutron yield fall short of their potential values. This
Is confirmed experimentally by comparing discharges limited by outer modes, with those where
the mode is delayed, and also by predictive calculations with transport codes [4].

Figure 2 shows a discharge, where an outer mode starts at t=12.9s and lasts for 400ms. The
outer mode is identified in the figure by an increase in the amplitude of the n=1 magnetic signal
and an increase in the, Bmission. The onset of the outer mode clearly clamps the neutron rate
and the plasma stored energy, which were previously rising. It is also accompanied by an
increase in the loss pow(all'ﬁos.5 OP\g — dWDia/dt). Although the mode is localised near the
edge, a cold pulse propagating to the core of the plasma leads to an electron temperature col-
lapse over a wide region. In figure 2,decreases in the whole of the region outside gq=1, with a
clamping of T in the inner core. In the worst cases, a gloha&@ollapse is observed [4].

The final collapse of the neutron rate, with an irreversible loss of the ELM-free hot ion-
H-mode regime occurs later (at t=13.75 s) with a further onset of outer mode activity shortly
followed by a giant ELM. This sequence of edge events in a JET ELM-free hot-ion H-mode is
quite general, with outer modes being the first of the limiting MHD phenomena observed, then
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It should be noted that outer modes and ELMs in the Hot-ion H-mode regime are closely
related phenomena. A long lived outer mode (lasting 0.2-1.0 s), as the one shown in figure 2,
will often trigger a small amplitude ELM (seg, frace in figure 2), possibly by temporarily
increasing the edge pressure gradient. Unlike the giant-ELM which affect the whole plasma, this
smaller ELM only affects the edge region. In a not yet understood way, it has the beneficial
effect of suppressing the outer mode. At a later phase in the discharge when the outer mode is
again observed, a giant ELM follows in a few milliseconds. Again it is probable that the outer
mode has triggered the ELM, but that the ELM would have happened in any case, since even
without the presence of an outer mode the pressure gradient at the edge appears to have reached
a limiting value, as it will be discussed later in section 4b.

3. CONTROL OF THE EDGE MODES

Ballooning and kink stability analysis of several discharges shows that, in general, both outer
modes and ELMs occur near the external kink marginal stability, with the first giant ELM ob-
served as the discharge approaches the ballooning limit. Since both the ballooning and the exter-
nal kink limits are important, stability analyses present several possible techniques to delay the



edge MHD instabilities. The external kink may be controlled by parameters such as the edge
plasma current density, the edge safety factor and the plasma inductance, while ballooning sta-
bility requires the control of the parameter a normalised pressure gradient defined as

a =pep/ B2, where p is the edge pressure apisBhe poloidal field. Both the external kink

and the ballooning stability can in principle be controlled by lowering the edge pressure gradient

and by altering plasma shape parameters such as elongation, triangularity and edge shear.
Experiments in different plasmas configurations show that in all cases, i.e. independent of

the type of the limiting MHD mode observed, the collapse of the hot-ion H-mode regime occurs

at a similar critical value of the plasma inductangeyith If”t = 1. Since in these discharges |
decreases during the heating phase, stability may be increased by slowing the reduy¢tion in |
this critical value. Care, however needs to be taken not to make the plasma core unstable to
sawteeth. The input power is another important parameter, with both outer modes and giant
ELMs occurring earlier as the power is increased. Typical times for the onset of edge MHD
modes in 3.5T, 3.5MA discharges with input powers of 20MW, are ~1 s into the heating phase
for the outer modes, argl1.5s for the first giant ELM. At a power of 10 MW, the ELM-free
period increases ©3.3 s.

Experimentally, the most clear indication on how to increase the outer mode stability was
found in experiments with current ramp-down (discussed in more detail in the next section), in
toroidal field scans and using a cryo-pump.

Toroidal field scans at constant plasma currents have clearly shown that outer modes can
be delayed and the neutron rate can be substantially improved by operating at higher g values.
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times larger at the X-point [4]). The figure shows that in order to avoid outer modes it is better to
have values ofg=5. A similar result was obtained in the more typical operation WwHBMA
reported in [4], where increasingfBom 2.8T to 3.4T in a discharge with 19MW of NBI power,
delayed the outer mode by 700ms allowing an increase in the neutron rate of 100%.

Scans at different plasma shapes, have not indicated significant differences in outer mode
behaviour; they have however shown a clear impact on ELMs. The ELM free-period has been
found to be lengthened by increasing triangularity and edge shear [24, 25]. Observations show
that the ELM-free period increases with low recycling [26], indicating that the ELM may occur
at a critical pressure gradient. A similar result has been obtained for outer modes, since compari-
son of discharges with and without the use of the cryo-pump show that low recycling can also
make the outer mode more stable, as can be seen in figure 3.

A technique used routinely to improve performance during the MKkIl divertor operation
was the continuous injection of gas at the edge of the plasma, referred to as gas bleeding, which
increases the edge density and decreases the edge temperature. This has been found to reduce
Ze in both ELM-free and ELMy-H-modes [27]. By cooling the plasma edge, and therefore
decreasing the edge pressure, one could in principle increase both the stability of external kink
and ballooning modes. However, the edge density increases faster than the edge temperature
decreases, producing no net decrease in the edge pressure. Observations show that for the levels
of gas used at present 641022 electrons/s), gas bleeding does not affect the ELM-free period,
while it has a small adverse effect of earlier onset of outer modes (this will be shown in section
4b).

4. THE CURRENT RAMP-DOWN TECHNIQUE
4a. Stabilisation of the outer modes

The external kink stability depends on the value of the current-density in the outer 5 cm of the
plasma. Therefore, theoretical analysis suggests that a decrease in edge current-density, which
could be achieved by decreasing the plasma current during the heating phase, improves the
external kink stability and may delay the outer modes. This was indeed confirmed by experi-
mental results. A comparison of discharges with and without current ramp-down clearly shows
that in most cases, outer modes can be delayed, resulting in a substantial improvement in per-
formance. This is illustrated in figures 4 and 5, where the discharge shown in figure 2 is com-
pared with a similar discharge where the plasma curigntiak decreased during the heating
phase, at a rate dl/dt=-0.4 MA/s. Withramp-down, the outer mode is delayed by 500 ms, in

this particular case allowing an improvement in the neutron rate of 45%.

Transport and edge MHD stability analysis have been performed using the ideal MHD
code MISHKA-1 [28], and transport codes TRANSP [29] (interpretation), JETTO [30] (predic-
tive studies). Figure 5 shows the trajectory in thejdpce) stability diagram for the two dis-
charges compared in figure 4. The pressure gradient at the edge in JET is not measured, thus
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Fig.4: The discharge shown in figure 2 compared with &ig.5: Comparison of edge measurements for the dis-
similar discharge where current ramp-down was useaharges with and without current ramp-down. The fol-
With |, decreased the outer mode is delayed by 500 niswing traces are shown: (a) Bemission with the first
allowing an improvement in the neutron rate of 45%giant ELM, i.e the first ELM that limits high perform-
However, the first giant ELM, which ends the higlance, indicated; (b) n=1 magnetic signal showing that
performance phase, occurs 300 ms earlier (see alsuter mode is only observed in the case,dfat; (c)
figure 5). temporal evolution of the edge pressure at the top of the
H-mode pedestal, RuestarNe(Te+Ti), measured at
R=3.75m, i.e. ~ 5 cminside the separatrix; and (d) edge
pressure at top of pedestal normalisedto |

both the edge pressure profile and the edge current density, including the contribution of a bootstrap
term, are taken from numerical simulations which use the JET transport model described in
[31]. The pressure profiles calculated numerically were compared with the experimental pro-
files, such that the calculated and measured pressures at the top of the edge pedestal (shown in
figure 5) coincide within the experimental uncertainty of 20%. Figure 6 shows that,with |
ramped down, the plasma is more stable to external kinks. This is due to a change of sign in the
electric field, which decreases the Ohmic current in the outer region, (figure 7). (The change in
the bootstrap current is negligible.) Equilibrium calculations with EFIT [32] show increases
around 10% in edge shear, edge safety factor;aaitidontributing to increasing external kink
stability.

Decreasing the plasma current as a way to incfgadas also been used in other ma-
chines such as TFTR [33] and ASDEX [34]. However, those experiments are quite distinct from
the ones described here, since the plasma current is decreased by factors larger than 2, either
before the auxiliary heating is on or very early in the heating phase. They report no change in the
plasma stored energy while the plasma current is being decreased. In JET, the timing for the start
of the current ramp-down was found to be very important. Since in a hot-ion H-mode the maxi-
mum achievable plasma stored energy scales with the plasma current (this will be shown in the
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next section), too large or too early a decrease in plasma current would have deteriorated the
discharge. In JET, a small decrease,jrby typically 5%, starting 400-600 ms after the NBI
power is switched on, is enough to suppress the outer mode. Figure 4 shows that a clear im-
provement in the plasma stored energy is obtained up to the time when the first ELM is ob-
served.

4h. The effect on the ELMs

For the large majority of discharges, the maximum values of the neutron rate and the plasma
stored energy depend on the timing of the first giant ELM. Unfortunately, whilst the current
ramp-down increases the time free of outer modes, observations show that the ELM-free period
decreases. Figure 5 shows that in the discharge with the current ramp-down, the first giant ELM
occurs 300 ms earlier. Although there is a substantial improvement in neutron rate, the
maximum stored energy has actually been limited at a lower value than the one reached in the
discharge with flat,|

The earlier occurrence of the giant ELM, is clearly illustrated in figure 8, where we show 3 pairs
of discharges with and without current ramp-down. These discharges were designed to study the
effect of gas bleeding on performance. Increasing the gas rate has a modest, unfortunately ad-
verse, effect on the outer mode observed for constaNbtice from comparing discharges 1a
(large gas bleeding) with 3a (no gas bleeding), that the outer mode occurs 80 ms earlier. How-
ever gas bleeding has no effect on the ELM. Decreasing the plasma current, on the other hand,
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Figure 5 shows the evolution of the edge pre€2"ent (b) magnetic signals showing that wifré-
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sure measured at the top of the edge pedes§@wing that withJreduced the first giant ELM occurs

taken at a radius of 3.75 m (i.e. at ~5cm insick@rlier. For the sake of clarity, an arbitrary constant

of the last flux surface). In the discharge Witlﬁljfr:riergrig?jgvﬁ_th%Daces of the discharges with

flat I,, the outer mode temporarily clamps the

edge pressure. Once the outer mode is quenched, the edge pressure continues to rise. In both
discharges the maximumdesizachieved is limited by the occurrence of the first giant ELM.

The data indicates that at the time of the giant ELM, a critical&ll, value has been reached.

To make this result consistent with the ballooning limit, would require that the width of the H-
mode transport barrier would be proportional,td his conclusion is also found from the analy-

sis of discharges in a wider range of plasma current values, shown in the next section.

Since the giant ELM in this regime is preceded by an outer mode, and given the large
experimental uncertainties in the calculation of the edge pressure gradients, it had not been
possible up to now to say if the giant ELM was due to an external kink or to a ballooning limit.
The observation of a giant ELM together with an outer mode indicates that at the time of the
giant ELM, the trajectory in thex( jepce) diagram must have reached the top right-hand corner
where both the external kink and ballooning marginal stability curves overlap. The different

10



response that outer modes and ELMs have to the decrease of the edge current density in the
current ramp-down experiments, as well as the results of stability analysis, indicate that for the
giant ELM the ballooning limit, consistent with an appropriate transport barrier model, should
be the most relevant.

5. THE ELM-LIMIT

The technique of ramping down the current was found to delay outer modes while making the
giant ELMs appear earlier. Thus, from the point of view of controlling the giant ELMSs, it is
advisable to operate at the highest plasma current possible. This is also confirmed from experi-
ments carried out at different values of plasma current, which show that the maximum plasma
stored energy (fig.9), as well as the edge pressure (fig. 10) attained at the time of the first giant
ELM are proportional to the plasma current. Fig. 10 shows that the pressure at the top of the
edge pedestal, measured at 3.75 m, depends linearly on the plasma currgQfssi.&. dnst

I,", wherea=1. (The variation in edge shear is much smaller thag with all discharges in the

range §~3.3-4.1). For the same plasma configuration, the maximum plasma stored energy in-
creases with the level of input power, whilst the maximum valug&Q{sRis independent of
power.
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Fig.9: Plasma stored energy versysak the time of the Fig.10: Pressure at the top of the edge pedestal, at
1st Giant ELM for deuterium discharges with NBI heatR=3.75 m, versus, at the time of the 1st Giant ELM, for
ing only, for two power levels: low poweyd=10 MW, the set of discharges shown in figure Q.qRin this
high power Rg=18-20 MW graph includes dilution, i.e. RyestarNe Te+NgT;.

The data also indicates that the time of occurrence of the first giant ELM is proportional to
the plasma current (fig.11). At low power the ELM-free period increases, since it takes longer
for the critical edge pressure to be reached. The scatter in this plot can be explained by how
successfully the outer mode has been stabilised. In discharges with an untimely and large outer
mode, the edge pressure can be clamped for several hundred milliseconds, as shown in figure 5.
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This would increase the ELM-free period with- 4 o Low power

. . . . = High power
outimproving performance. For instance, ifone | --- (inear it (low power)

. — Linear fit (high power)
compares the two low power discharges shown oo -
. - H 37 //
in fig.11 at 3.2 MA, the one with the long %

teum~3.8 s, has an early outer mode, which_
clamps the edge pressure for nearly one se%— 2+
ond. This delays the first giant-ELM actualIyH
leading to a lower stored plasma energy.

If for a given input power, the giant ELMs
indeed occur at a limiting edge pressure gradi-

=

U1JG99.56/3¢

ent set by a ballooning limit, then the linear o . . . . . . |

. 0O 05 10 15 20 25 30 35 40 4.
dependence of the edge pedestal pressure with Ip (MA)
the plasma current would indicate that the widtkig.11: Time when first giant ELM is observed, with re-

of the transport barrier is also proportional t§Pect to the time when NBI is switched on, versus |
The low power discharge with, t,=3.8s (indicated by

lp. This behaviour suggests that the width %e symbol[]) has a long lived outer mode, which
the transport barrier may scale as the ion (6lamps R.qes.for nearly 1 sec, increasingf;, without
fast ion) poloidal Larmor radius, as discussedfy 9ain in performance.
in [35] for the JET ELM-free hot-ion H-modes
and in [23, 36] for ELMy H-modes.

Notice that we have excluded from this discussion the smaller ELM which is some times
seen following a long lived outer mode (as in the example with,flafigures 4 and 5). Figure
5 shows that it can occur at a lower value than the critjgalsR The hypothesis made is that
the outer mode increases the edge pressure in a region further out where not all measurements
needed to calculate the pressure are available. Some suggestion that this may be true comes
from measurements in some discharges which show thatfor T at the edge increase in the
presence of the outer mode [37].

6. MHD OBSERVATIONS IN THE DEUTERIUM-TRITIUM DISCHARGES

Experiments in hot-ion H-modes during the recent JET D-T campaign (DTE1) were carried out
at two different power levels: high power discharges, with 23-25 MW of combined RF and NBI
heating designed to produce maximum fusion yield [13, 38] and, lower power discharges with
10 MW of NBI heating designed to study alpha particle heating [14]. The high performance
discharges with a tritium concentration of 50% were produced in two configurations: 3.8 MA,
3.4 Tand 4.2 MA, 3.6 T. The alpha-heating discharges with a wide range of tritium concentra-
tions were in the standard 3.8 MA, 3.4 T configuration.

The MHD phenomena in the deuterium-tritium ELM-free discharges were found to be
qualitatively the same as in deuterium only. This similarity was first observed in the 1991 PTE
experiments in discharges with 10%T [16], and confirmed in DTEL in discharges with tritium
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concentrations varying from 0 to 100%T. Careful control of edge MHD activity was therefore
essential for the achievement of record fusion yields, and the previous acquired experience on
how to increase stability has proved invaluable. Discharges were optimised by a careful choice
of gas bleeding and a current ramp-down of -0.2 MA/s (fig. 12).

Qualitatively, the most outstanding difference between MHD observations was in sawtooth
behaviour. The sawtooth period was found to increase with tritium concentration [11]. With
respect to edge MHD modes, in all DTE1 hot-ion H-mode discharges (i.e. both in high power
and low power experiments), the termination of the high performance phase is caused by an
outer mode combined with an ELM, similarly to their reference deuterium only discharges.
Below, we will show results from the high power, high performance experiments with 50%T.

Figures 12 and 13 give a comparison of the highest performance D-T discharges, obtained
in the two plasma current configurations, with deuterium-only reference discharges. Figure 12
shows discharge 42976 that produced the record fusion power of 16.1 MW and diamagnetic
stored energy of 17 MJ in the higher plasma current configuration, while figure 13 shows the
best discharge in the standard configuration, discharge 42676, which delivered a fusion power
of 12.9 MW, and diamagnetic energy of 15 MJ. The figures show the following plots: total input
power, Oy signals showing increases in emission due to outer modes and ELMs, total plasma
stored energy and edge pedestal pressure. Also shown in figure 12 are the loss powers and, in
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— Pulse No: 42676 (D-T) - - Pulse No: 42632 (D)
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Fig.12: Record fusion power D-T discharge in thd=ig.13: Record fusion discharge 42676 in the standard

4.2MA, 3.6T configuration , compared to a reference 3.8 MA, 3.4 T configuration compared to reference

discharge. Plots show: Total input power and lost powel) discharges. The plots are as described in fig.11. Also

Dqg emission, plasma stored energy, edge pressureiatluded are plots of the derivative of the diamagnetic

the top of the pedestal and, plasma current. energy available for two of these discharges from a fast
measurement. Two reference discharges are show to
illustrate the variation in ELM-free period and edge
pressures observed in deuterium.
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figure 13 the derivative of the diamagnetic ene%a. As already seen in deuterium, in the

presence of edge MHD modes, there is an increasgindBe to a reduction ilVy;,. In both
configurations it has been found that outer modes occur earlier in the D-T discharges, and typi-
cally the giant ELMs also appear earlier, however the differences observed between deuterium
and D-T are within the variability found for similar deuterium discharges (as can be seen in
figure 12.).

The differences in edge pressure as a function of tritium concentration in the low power
alpha-heating experiments are discussed in [35]. It is shown that in the 10 MW NBI heated
discharges, the maximum edge pressure attained in the 50-60 %T discharges is ~20% higher
than in deuterium, i.e. twice the relative uncertainty of the measureti€8t). For the high
power data, shown in figures 11 and 12, the pedestal pressure in D-T is only about 10% higher
than the maximum pedestal pressure in the reference deuterium data for both 3.8 and 4.2 MA
data which is comparable to the relative uncertainty of the measurement. Furthermore, there is a
15% variation in the maximum edge pressure in the deuterium data at 3.8MA. Thus, whilst this
high power data is not inconsistent with the isotopic effect observed at low power and the inter-
pretation in terms of a fast ion Larmor radius [35], neither does it provide any direct confirma-
tion. In fact, the most noticeable isotopic effect clearly seen in both figures 11 and 12 is that the
pedestal pressure rises more quickly in D-T than in deuterium-only and that therefore not sur-
prisingly the ELM-free period is typically shorter in D-T.

7. CONCLUSIONS

MHD stability was essential in the design of the high performance D-T discharges which deliv-
ered record fusion powers during the JET DTE1 campaign. Since the ELM-free hot-ion H-mode
plasmas are limited by several types of MHD phenomena, discharge optimisation has required a
fine tuning of parameters, such that control of one mode would not be in detriment to the control
of other types of instabilities or to overall confinement properties.

Experimental results have shown that it is possible to increase the edge stability of the
ELM-free hot-ion H-mode plasmas, leading to considerable improvements in the neutron yield.
In this paper we have reported on the techniques used to stabilise the outer mode (an n=1 exter-
nal kink), which has been a main concern for these discharges. The outer mode has been suc-
cessfully delayed either by current-ramp down, or by operating at higlg>&)@nd/or by the
use of the divertor cryo-pump. Current ramp-down, in particular, was used as a standard
optimisation technique for hot-ion H-modes throughout the Mkl divertor operation, avoiding
the earlier termination of the high performance phase, which used to be observed at the onset of
outer modes, i. e. well before the end of the ELM-free period. In accord with theoretical
predictions, observations showed that the controlled decrease of the plasma current delays the
outer mode. When an outer mode is still observed, it occurs in short, low amplitude bursts,
which cause no irreversible confinement degradation.
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Overall these techniques have been able to delay the outer mode by up to 700 ms in high
power discharges, allowing the neutron yield to continue to rise, and providing in some cases an
improvement with respect to non-optimised discharges of up to 100%. Further improvements
could be envisaged by modifications of the current density profile and by decreasing the edge
pressure. It has been found that the collapse of the neutron yield in all discharges, occurs at a
critical value of 1. Thus, one could improve performance by working at highaalles.
Deuterium gas fuelling has not improved stability. However it should be worthwhile to explore
the stabilisation effect on both the external kink and the ballooning modes, of further cooling of
the edge, for instance by increasing edge radiation.

The technique of current ramp-down was found to delay outer modes while making the
giant ELMs appear earlier. Thus, with this technique, the improvement in performance which
can be achieved by delaying the outer mode is eventually halted by an earlier onset of a giant
ELM. It is clear from observations at different values of the plasma current, that from the point
of view of controlling the giant ELMs, it is better to operate at high plasma currents.

The different response of ELMs and outer modes to decreasing the edge current density
suggests that these are two separate edge phenomena, solving a long standing question of whether
the giant ELM in these regimes is caused by the external kink or the ballooning limit. In the
current ramp-down experiments, the increased stability of outer modes is consistent with their
identification as external kinks, while the earlier onset of ELMs indicates that the ELM occurs at
the ballooning limit. Nevertheless, the giant ELM in these plasmas occurs in the presence of an
outer mode, indicating that the ELM occurs at the top right-hand side af,thgdg) diagram
where the ballooning and external kink marginal stability curves overlap.

Plasma current scans show that the total plasma stored energy and the edge pedestal pres-
sure, taken just before the first giant ELM vary linearly with the total plasma current. This
plasma current dependence is consistent with models for the edge transport barrier where the
width of the transport barrier is proportional to the ion Larmor radius. In discharges where the
outer mode has been delayed, the ELM-free period is also found to increase linearly with the
total plasma current. However, in discharges non-optimised, the clamping of the edge pressure
caused by the outer mode increases the ELM-free period without any net gain in plasma stored
energy and neutron yield. For a given plasma configuration, the critical edge pressure was found
to be independent of input power. The ELM-free period on the other hand decreases with power
as expected.

The edge MHD phenomena in the D-T discharges were found to be the same as in the
deuterium only discharges. A comparison between D and D-T discharges with 50% T, with input
powers of 23-25 MW, showed that no significant difference exists in the time of onset of either
outer modes or ELMs. In addition these edge MHD phenomena occurred at similar values of the
edge pressure (the edge pressure in D-T b€if§b6 higher than in deuterium only). This simi-
larity in MHD behaviour meant that the techniques for increasing edge stability developed in
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deuterium could be fully exploited during the D-T campaign. Indeed it should be noted that the
successful translation of performance from deuterium to deuterium-tritium provides ample
testimony as to the maturity of understanding of the MHD phenomena, as documented in this

paper.
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