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a b s t r a c t

To ensure sufficient divertor target lifetime, the loss in plasma stored energy due to ELMs in ITER should
be restricted to DWELM6 1 MJ. Only in JET, by virtue of its size, can such energies be approached. This
contribution examines the impact of large, Type I ELMs in high current H-mode JET discharges with
ITER-relevant pedestal characteristics. The ELMs provoke strong radiation losses, mostly confined to
the inner divertor volume. Although the data are scattered, the average magnitude of this loss is
DERAD � 0.5DWELM, for DWELM < 0.55 MJ. For higher DWELM, greater fractional radiation losses occur,
reaching �0.7DWELM at DWELM � 0.9 MJ, indicating enhanced impurity release. Even at the highest
ELM energies, peak divertor target surface temperatures are too low for carbon sublimation, suggesting
that thermal decomposition and/or ablation of thick co-deposited layers on the inner target may be
occurring. On average, across the range of energies studied, ELMs are found to deposit between 3–4.5%
of DWELM on main wall limiters. When applied to the data for a specific discharge in the series, the model
of ELM filament parallel energy losses developed at JET requires radial ELM velocities in the interval 0.1–
0.65 km s�1 to explain these deposited energy fractions.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Recent materials research has shown that in order to prevent
unacceptable divertor target erosion due to edge localised mode
(ELM) transient heat loads in ITER, the energy flux at divertor or
first wall surfaces should not exceed �0.5 MJ m�2, corresponding
to a loss in plasma stored energy at the ELM of DWELM � 1 MJ
[1]. For the projected ITER QDT = 10 baseline scenario this implies
DWELM/Wplasma � 0.003, smaller than any value currently found
experimentally for (unmitigated) Type I ELMs. It is, however, con-
siderably larger than can be accessed by today’s devices, with the
exception of JET which, by virtue of its size, can produce ELMs close
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to 1 MJ. This contribution summarises the results of experiments at
JET designed to study large ELMs and to characterise their impact
on the divertor plasma and on first wall and divertor target
surfaces.

2. Experiment

To access the highest possible DWELM, JET has been run at
Ip = 3.0 MA (Bu = 3.0 T, q95 � 3.1) in a series of dedicated discharges
with fixed plasma shape (d = 0.25, j = 1.72), progressively decreas-
ing the gas fuelling, Cgas, from shot to shot. This produces a scan in
ELM amplitude and frequency at high Wplasma (�8 MJ) with the
largest DWELM � 0.8–0.9 MJ being found at Cgas = 0, for which the
plasma density reaches only �0.4 of the Greenwald limit. The plas-
ma shape in this recent experiment is very close to the diagnostic
optimised configuration (DOC-L) used in the past for ELM studies
on JET [2] and is a vertical target equilibrium with strike points
on the lower, CFC vertical tiles of the MarkII HD divertor (Fig. 1).
Tiles 3 and 7 are unique amongst the target set in having one of
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Fig. 1. MarkIIHD divertor configuration with EFIT reconstruction.
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the CFC fibre weaves in the toroidal direction, restricting poloidal
heat conduction and maximising the surface temperature increase
for a given heat load.

A selection of key plasma parameters for one of the recent un-
fuelled H-modes is compiled in Fig. 2(a)–(g). With a total power in-
put (Fig. 1(b)) of �20 MW (NBI heating and a small amount of ICRH
since coupling efficiency is limited during large ELMs), the injected
energy in these discharges is in the range 160–195 MJ. Of this,
�90 MJ is found on Tiles 3 and 7 (Fig. 1) in the ratio 2.9–3.5:1 in
favour of the outer target, entirely consistent with earlier findings
for ELM averaged energy asymmetries [3]. Total radiated energies
in the range 70–90 MJ provide reasonable global power balance
across the discharge series. The largest ELMs are generally sporadic
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Fig. 2. (a)–(g) Selected plasma signals for a 3.0 MA H-mode discharge with Cgas = 0.
(Fig. 2(a)) and often compound, characterised by a sharp initial
drop in Wplasma and followed by a phase of smaller ELMs (possibly
Type III), during which stored energy leaks out on a slower time-
scale. Energy confinement (expressed in terms of the H98 (y,2) scal-
ing (Fig. 2(f)) generally remains above unity, implying that the
compound phases do not signal a return to L-mode. In the pre-
ELM phases, electron temperature and density at the H-mode ped-
estal top (Fig. 2(d) and (e)) are in the ranges 5–6 � 1019 m�3 and 2–
2.5 keV, respectively, yielding neoclassical pedestal collisionalities
m�e = 0.03–0.06 expected on ITER [2] and DWELM/Wped � 0.2 for the
largest ELMs. In general, large ELMs provoke only modest increases
in line integral Zeff (Fig. 2(g)), with the exception of isolated events
(e.g. prolonged compound phases) during which confinement is
degraded significantly.

3. ELM-induced radiation

Thanks to a major upgrade of the JET bolometer camera diag-
nostic [4], a 10-fold increase in time resolution compared with
the previous system now permits measurement of the energy radi-
ated per ELM on the 1 ms timescale. Fig. 3(a) concentrates on a sin-
gle large event with DWELM � 0.85 MJ, of which DERAD = 0.58 MJ is
radiated within �6 ms of the pedestal crash (DWELM/DERAD = 0.68).
By the end of the compound phase, a total of 1.29 MJ of stored en-
ergy has been lost, of which 1.08 MJ (84%) has been radiated. The
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Fig. 3. (a) Energy balance during a single large ELM. (b) Tomographic reconstruc-
tion of the ELM radiation distribution averaged over shaded region in (a).
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tomographic reconstruction shown in Fig. 3(b), averaged over the
�4 ms period of the main radiated power peak following the
ELM crash (inversions on the 1 ms timescale are numerically diffi-
cult to produce) illustrates the localisation of the radiated power
distribution in the inner divertor volume (similar to ELM resolved
bolometric reconstructions first performed on ASDEX Upgrade [5]).
This is very likely to be a consequence of two principal factors: (i)
the ELMs are known to deposit their energy asymmetrically, very
clearly favouring the inner divertor over the outer in the ratio
�2:1 on JET [6] and (ii) the inner divertor is a region of strong
net co-deposition, with thick, deuterium rich carbon layers accu-
mulating over any given operational campaign [7].

The single ELM case shown in Fig. 3 is included in Fig. 4 which
provides the DERAD dependence on DWELM for all ELMs identified in
the 3.0 MA gas scan series (initial ELM crash only). There is clearly
considerable scatter in the data, testifying to the fact that individ-
ual ELMs of similar energy do not yield the same divertor radiative
response. The radiated fractions fall solidly within the envelope
25–100% of DWELM and follow an approximate quadratic trend
with DWELM (see dashed lines in Fig. 4). The solid triangular sym-
bols and associated error bars in Fig. 4 are mean values and stan-
dard deviations over small intervals of WELM (7 intervals of
�0.06 MJ up to WELM = 0.5 MJ and 5 intervals of �0.08 MJ for
0.5 MJ < DWELM < 0.9 MJ). They illustrate that DERAD � 0.5DWELM

is approximately satisfied up to DWELM = 0.5 MJ, but that for higher
values (of which the ELM in Fig. 3 is an example, marked by the
star symbol in Fig. 4), there are indications for an enhanced effect
(see also [8]).

These ELM-induced radiation losses may be compared with
those reported in [9] from the earlier DOC-L experiment in the
MarkIISRP divertor (before the bolometer diagnostic upgrade),
where DERAD � 0.25DWELM was observed for DWELM 6 0.7 MJ (sim-
ilarly to Fig. 4), marking a sharp threshold beyond which radiation
was considerably enhanced. In fact, the values of DWELM were
somewhat overestimated in [9] (due to perturbations during the
ELM affecting the diamagnetic loop measurement which were
not recognised at the time) such that the threshold probably oc-
curred even earlier. In the absence of target surface temperature
measurements, thermal sublimation was proposed as the mecha-
nism for the apparently increased impurity release. Analysis of IR
data obtained during these older experiments (the equivalent data
in the more recent experiment is unfortunately lacking) has since
become available. It is compiled in Fig. 5, showing the peak surface
temperature dependence on DWELM (corrected for dynamic pertur-
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bations to the diamagnetic loop signal) for a range of DOC-L dis-
charges with varying Ip (but mostly constant q95), during which
the largest DWELM � 0.7 MJ were also obtained at Ip = 3.0 MA. The
effect of surface layers can be seen in the abrupt rise in tempera-
ture on the inner target in response to the ELM, even at low DWELM.
Maximum ELM driven excursions of �520 �C and �550 �C are seen
at the outer and inner targets respectively, pushing temperatures
up to �1130 �C at the outer (where the higher inter-ELM heat
fluxes drive the baseline temperature higher). Even though instru-
mental considerations could imply that the real temperature is
somewhat higher, this correction is unlikely to exceed �200 �C,
so that the peak values cited above are still far short of what is re-
quired for radiation enhanced sublimation of graphite, which be-
comes effective in the region of 2200 �C and above in tokamaks
[10].

The strong radiation asymmetry in favour of the inner divertor,
which can reach as much as 5:1 (see [8]) is strongly suggestive that
the deposited layers play a key role, especially since peak temper-
atures at the outer target are even higher than those observed at
the inner (Fig. 5).

Whilst it cannot be proven with the available data, the impurity
release is likely a combination of layer thermal decomposition and
ablation. The former is known to be operative in the JET inner
divertor, having been deduced from spectroscopic measurements
of strong C2 and CD emission in ELMing H-mode discharges with
strike points positioned on the horizontal base tiles (numbers 4
and 6 in Fig. 1) where soft a-C:H layers are formed by redeposition
of carbon eroded from the vertical tiles [11]. Such a process is also
offered in [12] as an explanation for the non-linear increase in the
erosion measured in JET beyond a given ELM size using in situ
quartz micro balance detectors (the inner divertor QMB may be
seen in Fig. 1). A possible explanation for the enhanced radiation
seen at the highest DWELM in Fig. 4 is layer ablation, perhaps
accompanied by the release of macroscopic clusters. Both thermal
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decomposition and ablation provide a rich source of carbon which
would radiate strongly depending on the efficiency with which the
released particles penetrate the inner divertor plasma, itself chang-
ing rapidly on the timescale of the transient.

Energy densities on the JET inner vertical target during the rise
phase of the ELM pulse at the highest DWELM in these experiments
are �0.15 MJ m�2, around a factor of 3 below the values thought to
be tolerable at the ITER targets before material damage under
repetitive thermal loading occurs [1]. Evidence presented here for
enhanced impurity release on large ELM impact at the inner target
on JET demonstrates that disintegration of co-deposited layers on
ITER is a very real possibility even for small ELMs (a 1 MJ ELM on
ITER, corresponding to �0.5 MJ m�2 target energy density, repre-
sents only 0.3% of Wplasma). This phenomenon is expected to be a
major source of dust evolution in ITER, with associated safety con-
cerns. In the case of both CFC and W targets, the co-deposits are ex-
pected to be dominated by Be evolved from the main chamber [13]
so that the likely behaviour under impulsive energy loads cannot
be directly extrapolated from the these JET results.

4. Main wall energy loads

Now seen in all tokamaks where they have been sought [14]
and on a variety of diagnostics at JET [15–18], ELM filaments con-
vecting plasma rapidly across the magnetic field in the scrape-off
layer (SOL) to main chamber surfaces are a potential concern for
ITER. A recent addition to the JET diagnostic set is a wide angle,
main chamber viewing IR camera system which supplies some
hitherto inaccessible data concerning first wall power loads [19].
Inspection of the IR images obtained in the relatively low triangu-
larity discharges discussed here, reveals essentially no ELM inter-
action with the upper dump plates and none on the inner wall.
By far the largest deposition occurs on the divertor targets, but
there is a non-negligible interaction with the low field side bumper
limiters, of which there are 16 on JET of roughly similar design
extending �50� poloidally above and below the outer mid-plane
and separated approximately equally in the toroidal direction.

In all but one of the discharges in the series described here, the
camera was employed in full frame mode, viewing the full poloidal
cross-section with 4.2 ms time resolution, by far insufficient to re-
solve the time variation of the ELM energy deposition. Estimating a
toroidal temperature profile (poloidally averaged) for all times on
each of the 15 tiles comprising a typical bumper limiter and subse-
quently computing power fluxes, yields the time variation of the
accumulated energy per tile. Only in cases with relatively infre-
quent ELMs (such as pulse #70226 shown in Fig. 2) can individual
ELM heat pulses be detected in the accumulated energy time
traces. In this case, the energy deposited on the bumper limiter
within the IR camera FOV due to the initial fast ELM crash can be
obtained in the same way as for the radiated power increase due
to ELMs (see Fig. 3(a)), namely by estimating the difference in en-
ergy before and after the initial impulse, even if the poor time res-
olution is insufficient to determine the detailed dynamics of the
deposited power flux density during the ELM. Since many of the
Table 1
Summary of ELM statistics for 6 pulses in the 3.0 MA gas scan. Note that pulses
70225,6 have Cgas = 0.

Pulse No. ELMs
P

DWELM

(MJ)

P
ELIM

(MJ)
hDWELMi
(MJ)

P
ELIM/

P
DWELM

(%)

70221 143 34.5 1.57 0.241 4.6
70222 97 28.1 1.01 0.290 3.6
70223 64 23.4 0.87 0.371 3.7
70224 16 8.34 0.34 0.521 4.1
70225 29 15.1 0.59 0.520 3.9
70226 20 11.7 0.37 0.587 3.2
large ELMs are compound (Fig. 2), this procedure allows the energy
deposition on the limiter during the compound phase to be crudely
separated from that immediately following the first crash. For dis-
charges with higher gas fuelling (pulses #70221-3 in Table 1), the
ELM frequency is too high and the ELM amplitude too low for the
individual events to be detected in the IR energy time trace. Since
these ELMs are rarely followed by a compound phase, it suffices to
sum the accumulated energy on all tiles at the end of the H-mode
phase to obtain an estimate of the total energy deposited by the fil-
aments. The total energies derived in this way nevertheless repre-
sent lower limits. In all cases, no energy is assumed to reach the
limiters during inter-ELM phases and it is further assumed that
all 16 limiters receive identical averaged heat fluxes.

Fig. 6 illustrates this process for the zero gas fuelling, large ELM
discharge of Fig. 2, where the image slices to the right show the
limiter in question in ambient IR (i.e. without plasma) and during
a single ELM. In general, the strongest interaction occurs on tiles in
the outside mid-plane vicinity (Tiles 11–13 in Fig. 6), reflecting the
ELM filament power exhaust localisation (see also [18]). Tempera-
ture excursions on these tiles can be significant (Fig. 6(b)), and,
whilst there is indeed little or no rise during the inter-ELM periods,
it is clear that the activity during the compound phases can be
responsible for conveying significant energy to the limiters. The to-
tal accumulated energy for the example in Fig. 6 amounts to
�1.5 MJ, but only �0.4 MJ is deposited immediately after the initial
stored energy crash. This should be compared with a total stored
energy loss of

P
DWELM � 11.7 MJ (Fig. 6(c)). Table 1 compiles

the results of this analysis for all shots in the series for which main
chamber IR data are available. Within the relatively high uncer-
tainty inherent in the approximations made to derive the wall
ELM loading, there is evidently no variation in wall energy load
fractions with average ELM energy (last column in Table 1).
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energy for all 15 tiles.
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The ELM averaged wall loadings in Table 1 can be used to esti-
mate average velocities for the ELM filament radial propagation by
employing the parallel loss model that has been developed at JET
[20] and successfully applied to a variety of experimental situa-
tions [15,20]. If pedestal plasma profiles are available, separatrix-
wall gaps are known (fixed in all the discharges here at �5 cm
measured at the outer mid-plane) and an estimate for filament en-
ergy loss fraction is available, the model requires as input only a
value for the cross-field ELM filament propagation speed, vr,ELM

and an assumption for the point in space at which the filament
originates [20]. Fig. 7(b) illustrates the application of the model
to pulse #70224, for which good (pre-ELM) pedestal profiles of Te

and ne are available (Fig. 7(a)) from the new JET High Resolution
Thomson Scattering (HRTS) diagnostic. This is not, unfortunately,
the case for the other discharges in the gas scan series. Based on
these profiles, the pedestal width (shaded area in Fig. 7a) is
�4 cm, with Te,pedt0 � 1500 eV, ne,pedt0 � 5 � 1019 m�3 at the ped-
estal top, Te,sep0 � 200 eV, ne,sep0 � 1 � 1019 m�3 at the separatrix
and Te,pedm0 � 800 eV, ne,pedm0 � 3 � 1019 m�3 at the mid-pedestal
radius. The latter is a reference point often employed in the parallel
loss model in the absence of any physics basis describing precisely
where the ELM filaments originate [20].
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filament stored energy normalised to the initial value at the start of
propagation is plotted in Fig. 7(b) for filaments originating at the
pedestal top, the mid-pedestal radius and at the separatrix (assum-
ing Ti = Te). A different value of vr,ELM is required in each case to gen-
erate the experimentally observed average wall energy fraction of
�4% (Table 1). The required ELM filament speeds fall in the approx-
imate range vr,ELM = 0.1–0.65 km s�1. For comparison, previous
experimental values, deduced from measurements of time delays
between Da light and limiter Langmuir probe ion flux signals, found
vr,ELM in the range 0.45–0.75 km s�1 for high power H-modes [21].

5. Conclusions

If material damage to the ITER divertor targets is to be avoided,
the maximum loss in plasma stored energy per ELM must be re-
stricted to DWELM �1 MJ. Such values can already be approached
in JET (e.g. DWELM � 0.9 MJ) at high current, high input power
and with low or zero gas fuelling (ne � 0.4nGW). In the divertor,
the impact of large ELMs on JET provokes intense radiation losses,
mostly confined to the inner divertor volume, with average magni-
tude DERAD � 0.5DWELM, for DWELM < 0.55 MJ. For higher DWELM,
greater fractional radiation losses occur, reaching �0.7DWELM at
DWELM � 0.9 MJ and indicating enhanced impurity release. The
plasma Zeff does not appear to be unduly perturbed by the ELM-in-
duced impurity release. Peak divertor target surface temperatures
are far short of the requirements for carbon sublimation, even at
the highest DWELM, suggesting that thermal decomposition and
ablation of co-deposited carbon layers on the inner target may be
occurring.

On average, ELMs are found to deposit between 3–4.5% of
DWELM on main wall limiters, independently of average ELM en-
ergy. A model of ELM filament parallel energy losses developed
at JET, when applied to the data for a specific discharge with large
ELMs, requires radial ELM velocities in the range 0.1–0.65 km s�1

to explain the observed wall energy fractions, in reasonable agree-
ment with previous measurements of these velocities on JET.
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