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1. Introduction.

The Type I ELMy H-mode regime is the reference regime for inductive operation of ITER
[1]. A major drawback of this regime is the periodic large power loads on plasma facing
components associated with Type I ELMs that may lead to unacceptable divertor target
lifetime reduction when extrapolated to next step devices [2]. Type I ELM energy losses in
JET are well correlated with the pedestal plasma parameters [3], but there is a considerable
scatter in this dependence, indicating that other additional factors contribute in a significant
way to the mechanisms determining the Type I ELM energy loss from the main plasma. In
order to determine some of these additional factors, a wide range of experiments has been
carried out at JET, including scans of additional heating power (6 — 18 MW), deuterium
fuelling rates (0 — 10% s™), plasma current (1.1 — 3 MA), qos (2.8 — 5.2) and plasma shaping
(0 = 0.20 — 0.43). In these experiments the ELM energy loss, pedestal parameters and
gradients (only for a set of plasma configurations and plasma currents [4]) and ELM crash
characteristics (ELM energy loss, width of the ELM affected volume, duration of the ELM-
crash from MHD activity, etc.) have been determined. Fig. 1 shows the values of pedestal
temperature and density before the Type I or III ELMs for the discharges in this study.

2. Global Pedestal and ELM Characteristics.

Type I ELMs at JET occur when the values of density and temperature at the H-mode
pedestal (nped, Tped) €xceed a certain limit, which depends on discharge parameters. The
scatter around the average value of this limit for npeq and Tpeq is very small (typically less
than 20%) for a large range of main plasma parameters (i.e., average limit values). Despite
this reproducibility of the pedestal plasma parameters before the ELM, the collapse of the
edge pedestal temperature (AT peq) and density (An peq) and the associated ELM energy loss
(AWgLm) show a much larger variation as shown in Fig. 2 for AWgpy, illustrating the
“natural” ELM variability caused by the variations in the ELM collapse for similar pre-ELM
pedestal plasma parameters in a large range of discharges. In this paper we will study the



correlation of the average values for Type I ELM energy and particle losses with plasma
parameters.

The Type I ELM frequency at JET, fgm, scales approximately with PINP/Ip2 and, for given
PINp/Ipz, it increases with the level of gas puffing (or npeq) in the absence of Type I/II mixed
regimes [5], which for the discharges considered in this study were only found in the high
triangularity configuration (6 = 0.43) HT3 at currents of 2.5MA. I, qos scans have been
performed in this configuration at 2MA (qos = 3.6 — 5.2) and 2.5MA (qos = 3.6 — 4.6). In
these scans it has been observed that fgpm ~ qos”, with 3<o<4, at similar normalised pedestal
densities Nped/NGreenwald- Measurements of pedestal plasma gradients in the discharges at 2MA
[4] indicate that for similar npea/NGreenwald the pedestal pressure gradients are similar at both
qos indicating that the increased frry is probably linked to changes in edge transport with
increasing qos [6]. For a range of plasma conditions, the average power flux (fgpm X AWELM)
carried by the Type I ELMs in JET reaches ~ 50% of Pput and, hence, it is a dominant term
in the total power balance.

3. Type I ELM Energy and Particle Losses.

With increasing Nped/MNGreenwald the normalised Type I ELM energy losses (AWgLm/Woped)
decrease. This is mostly due to the decrease of ELM conductive losses (as estimated by
relative drop of the pedestal plasma temperature at the ELM (ATgwm/Tped)), while ELM
convective losses (as estimated by relative drop of the pedestal plasma density at the ELM
(Angrm/npeq)) remain approximately constant, as shown in Figs. 3 and 4. For similar
Nped/NGreenwalds the higher I, discharges have large values of Tpeq and  ATgim/Tped, and
consequently larger AWgp\m/Woped. Discharges with higher levels of additional heating show
smaller Angpm/Mped, ATem/Tped and AWppm/Wpeq, particularly at low  nped/NGreenwald-
Increasing qos leads to a substantial reduction of ATgim/Tped (~ a factor > 2) but not of
Angpmv/npe, indicating that increasing connection lengths at the plasma edge lead to a
reduction of conductive losses during ELMs but not of convective losses. In the transition
from Type I to Type III ELMs both Angim/Mped, ATem/Tpea show a sharp, decrease in
agreement with the marked reduction of AWgyy at this transition.

Because of the T,.q influence on the ELM conductive energy losses discussed above,
AWELM/Wpeq 18 better correlated with v¥*q (see Fig. 5) than with npea/NGreenwaia (see Fig. 6)
for JET Type I ELMs. Despite the good overall correlation shown in Fig. 5 some deviations
from this correlation are found, as expected from the arguments above, for discharges with
large Pi,p. These discharge have smaller AWgim/Wpeq for similar values of v*,q than
discharges with lower Pi,, (this is clearer at lower v*,.4). Discharges at high qos indeed have
very small ELM energy losses AWgLm/Wped. Unfortunately, for the conditions explored so
far in JET, AWgpy is under the detection limit of the diamagnetic loop and it is not possible
to quantify the deviation from the collisionality correlation for such discharges.

4. ELM Affected Volume and Timescale of ELM collapse.

In order to determine possible factors besides v*,.q that may account for the scatter in Fig. 5,
the volume of the plasma over which the ELM collapse occurs has been characterised at JET



by high time resolution ECE measurements of the plasma temperature before and after the
ELM. Fig. 7 shows the normalised radius of the innermost point reached by the temperature
collapse caused by the ELM (1-pgrLym) for a range of plasma conditions. The new experiments
are in good agreement with previous JET results [3] with discharges at lower triangularities
and higher qos having the smaller ELM affected volumes and with the ELM affected volume
being weakly dependent on plasma density. However, there is no direct correlation between
this ELM affected volume and the ELM energy loss that can explain the scatter in Fig. 5.
Smaller AWgim/Wpeq 1s associated with smaller ATgpm/Tpeq for given plasma global
parameters, with the temperature change caused by the ELM being smaller in magnitude but
occurring over the same volume of the plasma. Hence, the factors that determine the scatter
in Fig. 5 remain to be identified.

Finally, the duration of the ELM collapse has been characterised at JET by using the
characteristic time of the pedestal plasma soft X-ray emission collapse following an ELM
and by the duration of the period of broadband MHD activity associated with the Type I
ELMs. Both measurements indicate that the ELM collapse time in JET is of the order of 200
—300 us and it is basically independent of plasma (global) and pedestal conditions, as shown
in Fig. 8 (TgLm estimated from the duration of the MHD broadband activity). This indicates
that the mechanism that leads to the destruction of the edge flux surfaces during an ELM is
not of a Kadomtsev-type reconnection but probably of an explosive-type [7] but a
comparison of the timescale magnitude and dependence on plasma parameters with JET
experimental data remains to be done.

5. Conclusions.

A large dataset of simultaneous measurements of ELM bulk plasma losses, pedestal
parameters and gradients, ELM divertor fluxes and MHD activity for a large range of I, qos,
d and Py, has been obtained at JET in density scans from Type I to Type III ELMy H-modes
(reaching the H-L transition in some cases). The new results are in broad agreement with
previously found trends for JET Type I ELMs. Deviations from previously observed trends
of AWgrLm with v¥*,q occur at high qos and high Py, (at lower v¥,.q). These deviations are not
explained by accompanying variations in ELM affected area. Further detailed analysis of the
existing measurements and further experiments are needed to provide a firmer basis to

extrapolate the measured ELM energy losses to ITER in a more precise way than so far
done. In particular, this issue will be addressed in extensive low V¥*ped experiments (high Ip
+ high Pinp) at ITER-like v*ped values that will be carried out in the JET 2003/2004
experimental campaigns.
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Figure 1. Pedestal plasma parameters before ELMs
for the JET experiments described in this paper.
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Figure 3. Normalised Type I ELM pedestal density
drop versus pedestal density (normalised to the
Greenwald limit) for the same dataset as Fig. 1.
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Figure 2. Histogram of the Type I ELM energy
loss for a large range of plasma conditions at JET.
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Figure 4. Normalised Type I ELM pedestal
temperature drop versus pedestal  density
(normalised to the Greenwald limit) for the same
dataset as Fig. 1.
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Figure 5. Normalised (to the pedestal energy) Type I
ELM energy loss versus pedestal collisionality for
the same dataset as Fig. 1.
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Figure 7. ELM affected radius (1-pgpy) versus
fuelling rate for a series of previous discharges in
the JET MKII Gas Box divertor and some of the
recent experiments.
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Figure 6. Normalised (to the pedestal energy)
Type I ELM energy loss versus pedestal density
(normalised to the Greenwald limit) for the same
dataset as Fig. 1.
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Figure 8. Duration of the ELM (from broadband
MHD turbulence analysis) versus pedestal density
(normalised to the Greenwald limit) for the some
of the discharges in Fig. 1.



