Pedestal and ELM characterisation of highly shaped Single Null and
Quasi Double Null plasmas in JET.
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1. Introduction. Simultaneous high confinement and density are routinely achieved in steady
state conditions for ~201g in JET with highly shaped plasmas. The normalised parameters required for the
Q=10 inductive operation of ITER, namely Hog ~1, density > 85% ngg and Bx~2 with qos~3, are obtained
in lower SN plasmas with 84, ~ 0.4 — 0.5. These plasmas are characterised by an ETB with Type I ELMs.
Above a certain pedestal density (typically n,.s>80ngr), the Type I ELM frequency decreases to few Hz,
while the Type I ELM prompt energy losses do not increase or even decrease [1] compared to those a
lower density, and H98 does not decrease any longer with density. The change in fgy corresponds to
enhanced energy and particle losses between ELMs, attributed to the presence of an additional edge
relaxation mechanism, identified, by analogy with other experiments [2, 3, 4], as type Il ELMs. Steady
state Type Il ELMs regime has been obtained in AUG [2], for plasma configuration near to double null
(QDN), high pedestal density and qos>4 for B,~1. The possible requirement of QDN plasma geometry to
achieve Type I ELM suppression is of some concern for the extrapolation of this regime to ITER, since
ITER is not designed to accommodate high particle fluxes or power fluxes to the top x-point region.

2. The Experiment. This paper presents the results of experiments carried out in JET to study the
plasma pedestal and ELM behaviour of high density/high confinement ELMy H-modes, focusing on the
exploration of the effects of the plasma boundary magnetic geometry (triangularity 6, as well as proximity
to Double Null DN) and of q¢s on the pedestal parameters, edge stability and ELM losses. These
experiments were aimed at the study of Type I ELMs at high density and of the access to steady-state Type
II ELM regime for JET plasma conditions, comparing pedestal and ELM characteristics in high & SN and
QDN plasmas, in similar experimental conditions. The main characteristics of the plasma configurations
and general parameters used in this study are summarised in table 1. The experiments were carried out
mainly in the HT3 configuration (see also [5]) and in QDN. The additional heating was mainly by NB
injection (13-16MW), with the addition of 2-3 MW of central ICRH (H minority heating). In QDN,
machine safety considerations (in particular issues of plasma vertical stability to large type I ELMs in high
elongation plasmas) restricted the operations to high density, where the Type I ELM size is reduced, and
fast vertical excursions of the plasma more easily controlled.

Table 1: summary of geometry and main parameters of the plasma discharges analysed in this paper.

Null Name I, MA) B, (T) qos Ksep Osep. average |
SN ITER-like 2.5 2.7 3.1 1.77 0.46
SN HT3 2.5 27-34 [3.6-46 1.74 0.42
QDN QDN (A, from >2 to <lcm)* 25-21-19 (27 3-3.7-4.1 1.75t0 1.9* | 0.43t0 0.5 *
QDN2 | Asdex similarity 0.8
* The proximity to DN was varied by moving the plasma vertically, with Ay,;= distance at midplane between main and
second separatrix varied from > 2¢m to < Icm. The plasma elongation and triangularity increase as Ay, is reduced.

3. General results, confinement and pedestal parameters. At 2.5MA and q¢s~3 to 3.6, the
plasma edge enters the mixed type I-II ELM regime for both SN and QDN configurations, for n,.q~80%
ngg, with typical Type I ELM frequency of 6 to 10 Hz. The lower fgpy is measured for the QDN plasmas,
for otherwise similar plasma conditions. The reduction of A, in steps from 2cm to quasi pure double null
geometry does not result in the suppression of Type I ELMs. Notably, the approach to QDN reduces by up
to a factor of ~2 the amount of external fuelling required to reach a certain steady state n,.q compared to
the HT3 plasmas, consistent with increased particle recycling from the upper x-point region and, possibly,
higher neutral penetration. The confinement enhancement factor H98 for SN (HT3) at 2.5MA/2.7T and
that of QDN at same I,/B; are compared in figure 1. Each point represents a plasma discharge and the
shaded areas indicate discharges in the mixed Type I-II regime. The normalised confinement of the QDN
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Figure 1: H98 vs n,.; normalised to
ngg. Same legend as fig 2.

Figure 2: Pedestal ion temperature vs
density for the same plasmas of fig. 1.

reduced normalised confinement.

Experimentally, high edge safety
factor (qos ~ 4 or larger) facilitate the access to steady state Type I[I/Grassy ELM regimes in ASDEX-U [2]
and JT-60U [3]. This was tested in the JET experiments, where qos was increased in both SN and QDN
configuration, and a gas scan and proximity to double null scan carried out. In the case of the SN, qos was
increased to 4.6 at constant I, (experiments where qos was increased at constant B, for SN are reported in
[2]), while for QDN qos was raised from 3.1 to 3.6 and then to 4.1 by decreasing I,. Increasing qos, for both
SN and QDN results in a strong increase of the ELM frequency (by factor of 2 to 3) and, as shown in
figure 1, reduces the normalised confinement. Moreover, the maximum pedestal (and core) density
achievable before the type I-III ELM transition is substantially reduced compared to the lower qos cases,
from ~ 90% down to 60-70% of ngg,. The analysis of the pedestal parameters (shown in fig.2) is consistent
with the picture given by the confinement. The high confinement at high density obtained in the
SN/qos=3.6 corresponds to a clamping of the T, for increasing density, i.e. to an effective increase of the
pedestal pressure with density (see also [5]) and to the onset of mixed Type I-1I ELMs. This is the case
also for the QDN at low qos, although T4 is reduced compared to the SN plasmas, as is H98. Increasing
the q in SN results in a reduction of the pedestal pressure as well as in an early transition to type 11l ELMs
(figures 1 and 2, open symbols), lower pedestal parameters and confinement. The access to Type Il ELMs
may occur at lower npeq in SN at higher qos (see section 4) but this change in ELM regime does not result
in improved pedestal or core performance. QDN plasmas at high qygs show a similar behaviour to the SN
discharges. The access to mixed type I-Il ELM regime is essentially precluded in these conditions, with the
transition to Type III ELMs taking place at low npq.

4. Type Il ELMs characterisation. An interpretation of the change of Type I ELM behaviour at
high density and increased inter-ELM losses comes from the analysis of magnetic (and density)
fluctuations. Type Il ELMs in JET are accompanied by an increase of the intensity of broadband magnetic
fluctuations at low frequency, associated with the changes in the pedestal and ELM behaviour described
above [4]. These broadband MHD events have been identified as washboard modes [6, 7], and the increase
of the intensity of these modes (always observed in the edge of Type I ELMy H-modes in JET) is
associated with increased energy and particle losses between Type I ELMs [7, 8]. Figure 3 compares the
MHD fluctuation for four representative discharges in this study: two SN at q¢s=3.6 with type I and mixed
Type I-1I ELMs, a SN vs. a QDN, at the same I, and By, both with mixed Type I-II ELMs, and last low qos
vs. high qos in SN. The first plot of figure 3 illustrate the typical change in the MHD activity between Type
I ELMs, at low and high pedestal density. The intensity of the MHD activity decreases at high frequency
(>40 kHz), while is enhanced around the 20 kHz level (£10 kHz). This is clearly visible in the
spectrogrammes for the two discharges (figure 4, plots 1 and 2), which also show the reduction in the type
I ELM frequency in the presence of the enhanced inter-ELM MHD activity. The second plot in figure 3
shows that the washboard mode signature for mixed Type I-Il ELMs in SN and QDN is quite similar, with
the intensity of fluctuations having the same frequency distribution for both configurations (see also figure
4, plot 3). Also in figure 3, plot 3 compares the washboard mode intensity for two SN discharges at
different qos. Although the reduction of the high frequency MHD component is similar for the two cases, at
high qo¢s the characteristic intensity enhancement in the 20 kHz range is absent or strongly reduced
compared to the low qos cases. The interpretation of such a behaviour is for the moment pending, but it is
obvious that increasing the edge q does not seem to facilitate the access to the mixed Type I-II regime in
JET, and even less open up access to total Type I ELM suppression. The results for the QDN at qos=4.1 are
similar, and no clear Type Il ELM phases have been observed, for the investigated fuelling rates and A,.
Previous analysis of mixed Type I-Il ELMy H-mode plasmas [4] had shown that the presence of enhanced
MHD activity between ELMs corresponds to a clamping of the pedestal temperature. In fact, after the



ELM crash, T4 rises on a short time scale, but then stays essentially constant until the next ELM.
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Figure 3: Comparison of the intensity of the washboard mode for 3 pairs of pulses: 1. HT3 at low q Type I (red) and
Type II (green), 2. SN vs. ODN at 2.5MA/2.7T, Type 1l phases, and last to the right, HT3 at low and high qos. The low g
pulse in plot 3 has mixed Type I-Il ELMs. Note that the high frequency part of the spectrum is similar for both qys, but the
high qgs lacks the enhanced MHD at low frequency, typical of Type Il ELM phases.
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Figure 4. Spectrogrammes for 3 of the plasma discharges described above: SN HT3 2.5MA/2.7T Type I, in the middle
HT3 2.5MA4/2.7T with Type Il ELMs, and last ODN at 2.5MA/2.7T with Type Il ELMs. The intense and narrow vertical
bands are type I ELMs, the horizontal continuous modes are correlated to sawtooth activity.

50 e Fast (100 kHz) interferometry
measurements in the region of the top
of the pedestal show that the increased
broadband MHD activity does also
correspond to a similar increase in the
density fluctuations, as illustrated in
r 2 31a h S 2 figure 5 for the same SN 2.5MA/2.7T
s {5) e T discharges of figure 4, linking the
Figure 5. density fluctuation measurement in SN, type I (left), and 1increase of the washboard mode
mixed Type I-1I (right). Same discharges as for figure 4, plots 1 and 2. intensity not only to a saturation of Tpeds
but also to increased particle losses between Type I ELMs (see also [7, 8]). Since the interferometer chord
used for these measurements is vertical and going across the approximate position of the pedestal top, this
could indicate that the MHD modes are localised around the pedestal top region, at least at high nycq.
An indirect confirmation of this finding comes from the analysis of the density fluctuations measured with
a heterodyne reflectometer, with maximum cut-off density of 5.1 10" m™. The density profiles are from
pulses 59344, a repeat of the SN Type I ELM discharge 57897, and 59345, a repeat of the SN mixed Type
I-1I discharge 57987, both discussed in detail earlier. The position of the cut-off layer in the pedestal
gradient region for both sets of pulses is shown in fig. 6. A lower cut-off density was selected for pulses
59344/57897 (fig. 6), to compare the density fluctuation levels in similar relative positions in the gradient
region. The corresponding intensity of the density fluctuations is shown in fig 7. No significant difference
in the frequency distribution of the fluctuations in the steep gradient region of the pedestal is observed,
between pure Type I and mixed Type I-Il ELMs (both for SN and QDN). In particular no enhanced
broadband fluctuations are observed ~20kHz, in contrast to interferometry data, suggesting a very narrow
region of edge-enhanced particle transport, possibly localised near the pedestal top. The decrease in the
absolute intensity may be related to changes of Vn, and is not related to changes in turbulence.

5. Type Il ELM losses. The analysis of the rate of rise of the stored energy between type [ ELMs
shows that dW/dt is not a constant, even for constant average plasma conditions, with dW/dt varying from
ELM to ELM, as well as in time, between two ELMs. For the high 0 plasmas analysed in this paper, dW/dt
varies from ~10 to ~0 MJs".A qualitative correlation between dW/dt and the intensity of washboard modes
amplitude is found, in a similar way as for T.q between ELMs [7]. In spite of the ELM-to-ELM variation
of dW/dt, one finds that the continuous losses in the Type II ELMs phases reduce the power carried by
Type I ELMs, Pgpy, by more than a factor of 2 [4, 5]. In the case of the 2.5MA/2.7T plasmas, Pgpy is
reduced from 50-60% down to 27% in SN plasmas and to 21% for QDN. Nonetheless, the pedestal
pressure is still evolving in the Type II phases, indicating that these additional losses are not sufficient to
suppress Type I ELMs completely. In particular, the edge particle refuelling rate in Type Il ELM phases is




reduced by a ~ 2 compared to pure Type I ELM plasmas (figure 8), but dr/dt is still >0. Figure 8 also
shows that the particle refuelling rate increases with qos, with dn/dt at high qos being a factor 1.4 to 1.8
higher than at lower qs, for similar external gas fuelling. This, not surprisingly, results in a correlation
between the higher refuelling rate and type I ELM frequency (figure 9), although the reason why high qos

should result in a better effective particle confinement in the edge is not, to date, understood.
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Figure 6: position of the cut-off
density layer in the pedestal
gradient region for 59354/57897
(SN, Type 1) and 59355/57987
(SN, mixed Type I-1I).
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figure 8.

This change in edge particle transport and
the consequent increase of fgy, may
partially explain the reduced access to type
IT ELMs at high qos in JET.

6. ASDEX Similarity experiment.
The role of the plasma geometry in Type I
ELM suppression was also investigated in
JET by carrying out a similarity
experiment with ASDEX-Upgrade (see
table 1, QDN2). In this configuration, with
~3MW of NB power and no external gas
fuelling, long ELM free phases, up to 1.8s,
were obtained, with constant W and
H98~1 for ~6Tg. Although no ELMs are
observed in this period, both npeq and T peq
are constant, with npe~2.2 10”m™ and
Tpea~370 eV, corresponding to a local
v¥~0.9, in line with expectations.
Broadband MHD fluctuations in the 20-
30kHz range are present during the ELM-
free phase, but incomplete data do not
allow the determination of the mode
numbers for mode identification and
comparison with other JET data. The
plasmas core is evolving throughout the

ELM-free phase, with continuous density peaking and increasing radiation, leading to sawtooth
suppression and termination of the H-mode by core radiative collapse. Experiments are planned to better
document these results, attempt to combine ELM suppression with steady state core conditions and study
the possible extension of this regime to higher I,/B.

7. Summary and conclusion. To date, complete Type I ELM suppression has not been achieved
in JET in steady state conditions, although at high shaping and density mixed phases of Type I and Type II
ELMs are observed, both for SN and QDN plasmas. Long periods of Type II ELMs (up to 150 ms in
QDN) are obtained at high n,.q, associated with an increase of magnetic and density fluctuations,
compared to levels in pure Type I ELMy H-modes. The location of these enhanced fluctuation region is
likely to be near the pedestal top. Increasing qos from ~3 to ~4.5 (by varying either I, or B;), does not
facilitate the access to the Type II ELM regime, in contrast to indications from other experiments. In
general, at high qos, the Type I ELMs frequency is much higher than at qos~3 (typical for JET ELMy H-
modes), the plasma global confinement is reduced, the Type II activity weakens, with the Type I-III
transition occurring at lower pedestal density than at lower q¢s. The enhanced ~20kHz magnetic
fluctuations with Type Il ELMs are identified with strong washboard modes, possible responsible for the
increased inter-ELM transport. Power balance calculations do indeed show that the power carried by
ELMs is reduced by more than a factor of two in the presence of enhanced MHD between ELMs, with
Pgrm going from 50-60% down to 27% in SN plasmas and to 21% for QDN. Evaluation of the inter-ELM
refuelling rate shows that enhanced particle losses associated to type II ELMs are not sufficient to drive the
pedestal to steady state. Control of the density rise rate at the plasma edge is crucial for achieving steady
state Type II ELMs at high confinement, in particular for plasmas near to DN (T, saturates between
ELMs). In JET (and ITER), the long absolute particle confinement time may require active control of
recycling in the upper x-point region as well as of fluxes from the main chamber/limiters.
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