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Introduction The baseline scenario for ITER operation with high fusion gagn ¥Q0) and with

high plasma energy (~350 MJ) [1] is the Type | ELMy H-mode regime. The major drawback of this
operating regime is the periodic power loading of plasma-facing components by Edge-Localised
Modes (ELMs) which can cause high target erosion and a significant reduction of component
lifetimes. To prevent unacceptable divertor target erosion due to ELMs, the loss in plasma stored
energy at the single ELM should be restrictedWdée v ~ 1MJ [2] corresponding to the energy density

at divertor target of 0.4MJ/mOnly the JET tokamak, thanks to its size, can produce ELMs in the
order of IMJ with energy densities comparable to the ITER. This contribution focuses on the
investigation of the impact of large TyidELMs on plasma radiation and on power load.
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Results and Discussion A series of dedicatec
discharges with both strike points symmetrically on t
lower vertical targets, with identical plasma sha
(6=0.25, k=1.74), has been performed in the JE
MarkIl HD divertor configuration with J = 3 MA,
Br=3T, o5 = 3.15, the stored plasma energy\Ma~
8MJ and a total injected energy of ~1d3 to study
the impact of large ELMs on plasma radiation in JE
The gas fuelling is progressively reduced from pulse
pulse, producing Type ELMs with ELM losses "
AWg v in the range 0.25-1.3@J, where AWgy iS 1 i 1
defined as the drop of energy stored within the pede Time (s)
. Fig. 1 Selected plasma signals for a 3.0MA H-mode
on the time scale of several ms as measured y ;qroe
diamagnetic loops. Fig. 1 shows typical time traces of the parameters of an ELMy H-mode discharge
in JET with strike points on the vertical tilesemparable to the standard ITER configuration. The gas
fuelling was switched off after 14s, what leads to a transition from a moderate regime of ELMs with
AWy =0.3+0.6MJ to the regime with large (giant) ELMAWE v =1.3MJ). Such ELMs are often
followed by a phase of Typ# ELMs (so-called “compound” phas®y even a back-transition to L-
mode confinement is possible. The “global energy balance” for this discharge (energy balance inte-
grated over the entire discharge) reads: total injected energy=G®®MJ, radiated energy.EE73MJ,
E.JErn=0.47 and deposited energies onto inner and outer divertor targets of 24.6MJ and 70.9MJ
respectively. The largest ELMs deposit on average ~10%Wf \ on the main wallkurfaces [3].
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Despite the large influence of the gas fuelling ke ELM behaviour, the global energy balance shows
negligible variations with different gas levels and correspondingly with different ELM sizes.
A significant part of the total ELM energy loss is in the form of plasma radiation, located mostly in

Between ELMs Medium size ELM Large size ELM Giant size ELM
Z(m)
-1.0
-1.2
-1.4 R(m)
-1.6

22 24 26 28 30 22 24 26 28 3.0 22 24 26 28 3.0 22 24 26 28 3.0 3.2

T | ELMs classificati medium ELM: 1%< AW, /W < 5%,
ape s classification large ELM: 5%< AW, ,/W <9% giant ELM: AWg W 29%, AW, ,, 2 AW, EWM~0.72MJ

Fig.2 Radiation distribution between ELMs, radiation distributions integrated over the ELM crashes
during the middle size and large size ELMs as well during the giant ELM.

the divertor region. Please note that the radiation is integratedwesr which is considerably longer

than the ELM target power deposition peak of severap$0®ig.2 shows the radiation distribution,

reconstructed with the aid of the improv@dT bolometer system [4], for Type | ELMs with medium

(1%=<AWg n/W<5%), large (5%AWE m/W<9%) and giant AWg /W>9% corresponding to ELM

energy losses abovaV, ™" (see the description below)) sizes. In all cases, the radiation distribution

is strongly weighted to the inner divertor region (in-out asymmetries of ~factor 3). The total radiated

energies during the TypeELM normalised to the ELM energy losses, evaluated by an algorithm

similar to that described in [5], are 44%, 53% and 85% for medium, large and giant ELM sizes,

respectively. It is important to note that the radiated power is determined by the radiation from the

particle release due to the ELM-target interaction together with the changes in the local plasma

parameters provoked by the ELM. For ELMs wi AW, EtM % 0.72MJ

AW >0.6M] the radiation “spills over” into the __

outboard X-point region. In the case of the gic % :;ite'it':’:,

ELMs significant radiation is located in the ma 3 ©¢ ‘ —
%E

chamber.

Fig.3 presents the dependence of the radiated pla Radiatich Fraction in the
energy which follows the ELM crash on the ELI 5 1.0 T‘DiV%ﬂfr‘fegion
energy dropAWeg . In this case the radiated ener &9 - ¢ T W
includes only the radiated losses during the first m 3 (h) I
peak of the ELM. For ELM energy below, ™" n_g 02l o
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non-linear increase of the divertor radiation OCCl\Fig.3 Radiated plasma energy (a), divertor
which is interpreted as an indication of addition’@diation fractio (b)n and radiated peaking
. . factor (c) at the inner strike point (ISP)
carbon ejection from the target tiles made of carbin-
fibre composites and covered with substantial carbon deposits, possibly due to thermal decomposition

and ablation of these layers in the inner divertor. The ELM-induced radiation is always higher at the
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inner than at theuter divertor with the asymmetry increasing approximately linearly up ttiah

AWg y of about 0.6 MJ and decreasing for highék/g . Additionally, Fig 3 shows the radiation
fraction in the divertor region as well the radiated peaking factors (RPFs), the local radiation power
load onto the wall normalised to the power load averaged over the entire surface, at the inner strike
point (ISP). The radiation fraction in the divertor region, defined as ratio of the radiation power
below Z&-1.0m (radiated power in the divertor) to the total radiation power, is significant over the
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AWgv=1.3MJ has been observe Fig.4 Plasma behaviour during the dij'j’erentphases of the Type I

above AWgn>AW,F™M. For a giant ELM.

giant ELM, shown in the Fig.2, withWe y=1.3MJ and&,,/™=1.1MJ, the radiation load on the inner

target at the ISP is about 20MW/mrsing the RPF=2 and assuming the radiation heat load time of 2ms.
This additional radiation heat load leads to the maximum excursions of ~100°C at the inner strike point.
Along with the critical question of the radiated energy during the Type | phase (first spike), the
radiated energy during the compound phase is an important parahieteariation of some plasma
parameters during the different phases (phase with ELM crashes, compound phase and the recovery
phase) of the Type | giant ELM is depicted in Fig.4. The right hand side of the figure shows the
stored energy, radiated power and energy. It illustrates the strong degradation of the plasma energy
during the compound phase; analysis of the radiation occurring during this phase shows that it
accounts for a significant fraction (up to 80% at this ELM) of the plasma energy loss. No significant
energy deposition on main wall surfaces in compound phases has been observed [3]. The left hand side
of Fig.4 shows the correspondingdnd n profiles at the outer mid-plane during the different phases
measured by High Resolution Thomson Scattering (HRTS) system [6]. The collapseatoth®

pedestal by 50% follows directly the ELM crash. A reduction of max. 25% iof the edge region
(between 3.6m and 3.75m) has been also observed directly after the ELMTtmastegradation of

the confinement during the compound phase is accompanied by a large density reduction right across
the plasma profile and loose or reduction of the edge transport barrier associated with density pump-
out. On the other hand, the grofile does not show any significant changes during the compound
phase. In opposite to the profile, the g profile needs the entire recovery phase to restore the barrier
and the original shape.

The time evolution of different plasma parameters for an ELM with medium and large energy drop is
depicted in Fig. 5. The figure shows the stored energy, radiated engigyabd D/D, ratios as

well as the pedestal parameters. In both cases the surface temperature at inner strike point was
significantly over 1000°C, leading, in addition to the impurity influxes associated with transient
events, to the deuterium release from the co-deposited carbon layers at the inner strike point. A
comparison with results from the laser desorption experiments shows that more than 95 % of

of 2.8. A linear decrease of thw:
RPFs up to value of 1.7 ao
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hydrogen in thin a-C:D layers (gfin) can be released in a single laser pulse (G:83ms duration)
[7]. The surface temperature should reach at least 1000°C and we expect the release of the entire D

inventory in the layer during & #77180, medium ELM #77186, large ELM
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increase by factor of 2.5 (1.8) in the inner divertor region, which is attributed to the onset of
recombination and is correlated with detachment [8]. The inner divertor remains detached over the
entire compound phase and returns to the attached status in the recovery phase. Short detachment
phases have been observed directly after medium size ELMs.

Summary and conclusions

e Large type | ELMs with losses over 0.72MJ show enhanced radiation losses associated with an
ablation of the redeposited carbon layer in the inner divertor.

» Surface (layer) temperatures do not exceed ~ 2000°C at inner target. The surface temperature is
too low for bulk carbon ablation but provokes ablation of the deposited layers.

» Large ELMs are often compound (Type | ELM followed by Type Il ELMS).

» A significant part (up to 80%) of the plasma energy degradation during the compound phase is
exhausted by radiation. The degradation of confinement during the compound phase is
accompanied by a collapse in pedestal density.

e The “compound” phase indicates an increased plasma contamination, which otherwise does not
lead to a radiative collapse of the plasma.

» ELM-induced radiation is always higher at the inner than at the outer divertor: approximately
a linear increase in asymmetry up WAy ~ 0.6 MJ then a decrease for high&v#y, .

» During the ELMSs, the radiation is mostly located in the divertor region.

« Giant ELMs drive the divertor into detachment after the ELM crash. Divertor detachment remains
during the entire compound phase.

e Larger ELMs deposit more energy on limiters. No energy is deposited in compound phases.
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