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,QWURGXFWLRQ In the future ITER tokamak, the plasma-facing components (PFCs) will be subject to


large power loads during intense transient evens such as disruptions, VDEs, MARFEs and bursts of
Edge Localised Modes (ELMs). During JET plasma disruptions, the thermal energy (≤10MJ) and
magnetic energy (≤20MJ) are lost in form of heat to the plasma-facing components on timescales of
less than 1ms and 20ms [1], respectively. Initially, the thermal energy is dissipated in the thermal
quench followed by the magnetic energy dissipation in the current quench. During the current quench
phase, the energy stored in the poloidal magnetic field is radiated non-uniformly over the first wall
surfaces and may significantly contribute to the local power loads onto PFCs. The ELM radiation
behaviour has been analysed in detail in the type I ELMy H-mode regime which is the baseline
scenario for operation of ITER in high fusion gains. In present tokamaks, the plasma energy drop
QRUPDOLVHG WR WKH SHGHVWDO HQHUJ\

:ELM/Wped is typically 3-10% during a Type I ELM.

A significant part of this energy can be found in form of plasma radiation, located mostly in the
divertor region (in the present contribution, it is integrated over ∼2ms, which is considerably longer
than the ELM target power deposition of several 100 µs).
([SHULPHQWDO VHWXS The JET bolometer camera system has recently been substantially upgraded,
allowing significantly improved spatial and temporal resolution of the radiation distribution,
particularly in the divertor region [2]. This allows a greatly improved tomographic reconstruction of
the radiation pattern on a timescale of the order of the typical duration of a Type I ELM cycle (~ 1
ms). The tomographic reconstruction model (anisotropic diffusion model) has been coupled with a
Monte-Carlo technique to calculate the poloidal radiation distribution, hence the radiation load onto
the vessel, during these transient events.
5HVXOWVDQG'LVFXVVLRQ The important events which are dangerous for plasma-facing components are
the power loads onto the wall during disruptions, MARFEs and VDEs. The energy loss in disruptions
can be divided into two phases as shown in Fig.1: first the thermal energy is lost to the walls in the
thermal quench. This is followed by the loss, in the current quench, of the energy stored in the
∗
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poloidal magnetic field. The energy balance
studies of the JET disruptions [3] have
indicated that the magnetic energy (Emag)
transferred to the plasma by Ohmic heating in
the current quench is mostly radiated to the
first wall (Erad≈ Emag).
The tomographic reconstruction model which
is used (anisotropic diffusion model) has been
coupled with a Monte-Carlo technique to
calculate the poloidal radiation distribution,
hence the radiation load onto the vessel, during
these transient events. It is found that the
radiation distribution is strongly poloidally
asymmetric in particular in the current quench
as shown in Fig.1. Fig.2 shows the evaluated
radiation peaking factors (the
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)LJ5DGLDWLRQSHDNLQJIDFWRUVGXULQJWKHFXUUHQWTXHQFKLQ-(7

disruption already discussed in Fig.1 and disruption driven by Neoclassical Tearing Mode (NTM)). A
maximum of the observed radiation peaking factor for the disruption current quench of about 2.5 is
observed. It is located at the inner main chamber wall. These “peaking factors” have been used to
extrapolate to ITER reference conditions. With the poloidal magnetic energy of ITER of Emag~600MJ
and a current quench time of ~36ms [4], a maximum radiative load of 61MW/m2 is obtained (with
assumption Erad≈Emag) using a radiation peaking factor of 2.5. This type of radiation losses (for the
current quench alone) may increase the beryllium temperature to about half the melting point.
For MARFEs investigation, L-mode density limit experiments have been performed with BT=2.4T,
Ip=1.7MA in ohmic discharges and in discharges with additional NBI-power of 1.0-1.8MW. The
plasma density was raised steadily to the density limit by gas fuelling into the inner divertor. With
continuous deuterium puffing, a high density, low temperature plasma forms inside the separatrix
near the X-point. This is the so-called X-point MARFE (XPM). Fig.  shows the tomographic
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reconstruction of radiation in the divertor region at three different QH . 2.56 × 1019 P −3 : The outer
divertor at this time is partially detached. 3.0 × 1019 P −3 and 3.37 × 1019 P −3 : The radiation moves
entirely to the X-point, forming an XPM at 80% radiative power fraction. The outer divertor at this
time is fully detached. A maximum of the observed radiation peaking factor for MARFEs is of about
4.5.

The

radiation

peaking occurs at the
outer divertor target
during

the

MARFE.

X-Point

With

the

fusion power of ITER
of ~400MW and a
radiation fraction of
80-100%, a maximum
radiative

load

of

)LJ7RPRJUDSKLFUHFRQVWUXFWLRQRIWKHWRWDOUDGLDWLRQDQGWKHUDGLDWLRQ
SHDNLQJIDFWRUVLQWKHGLYHUWRUUHJLRQDWGLIIHUHQW QH 

0.7MW/m2 is obtained using a radiation peaking factor of 4.5. The VDE disruption generates the
largest heat loads. Fig. 4 shows radiation peaking factors before VDE and during current quench
phase of the VDE disruption. A maximum of the observed radiation peaking factor for the VDEdisruption current quench of about 5 is observed. With the poloidal magnetic energy of ITER of

using a radiation peaking factor of 5.
The ‘ablation/melting parameter’ [5],
which

determines

the

surface

temperature rise caused by VDE, can
reach values 23MJ m-2 s-1/2 that exceed
the value required for beryllium melting
-2

(20MJ m s
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)LJ7KHUDGLDWLRQSHDNLQJIDFWRUVEHIRUH9'( UHG DQG
GXULQJWKHFXUUHQWTXHQFKSKDVHRIWKH9'(GLVUXSWLRQ

characterisation of transient loads during large Type I ELMs have been performed during the 2007 JET
campaigns at high plasma current and input power: ,S 3.0 MA, %7 3.0 T, q95=3.2, δu∼0.22, δl∼0.28,
κ=1.73, 19 MW NBI and 1.4 MW ICRH power. The gas fuelling has been varied in a series of
repeated ELMy H-mode 3.0 MA discharges with strike points located on the lower vertical tiles of
the MkII-HD divertor to produce Type , (/0V RI GLIIHUHQW VL]HV

:ELM/Wped increases with

decreasing gas fuelling) in the ELM energy range ∆WELM =0.2→0.9MJ.
Discharges without gas fuel show large (giant) ELMs with ∆WELM ≈0.9MJ. Fig. 5 presents the
dependence on

:ELM of the radiated plasma energy following the ELM crash. Here the radiated
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energy contains only the part of the radiated losses which occurs during the first main peak during the
ELM. For an ELM energy below 700kJ (roughly), the radiated plasma energy is proportional to the
ELM energy, as expected from the observed linear correlation between impurity influxes and ELM
sizes. In this range the ELMs radiates ∼50% of the ELM energy drop. Beyond a ∆WELM of ~700 kJ, a
non-linear increase of the divertor radiation


occurs which is interpreted as an indication of

tiles, possibly due to ablation of the codeposited layers in the inner divertor [6]. The
ELM-induced radiation is always higher at the
inner than at the outer divertor with the
asymmetry increasing approximately linearly
XS WR D WRWDO WELM of about 0.6 MJ and
decreasing for higher WELM.
6XPPDU\ DQG FRQFOXVLRQ
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The radiation distribution during transient events is poloidally

asymmetric with the radiation peaking at the inner main chamber wall during the current quench in
density limit and NTM-driven disruptions. During the X-Point MARFE the radiation peaking occurs
at the outer divertor target during the X-Point MARFE. Maximum of the observed “radiation peaking
factor” for the disruptive current quench is less than 3 and for MARFEs of about 4.5, and of about 5 during
VDEs. Radiation losses during VDEs (for the current quench alone) will increase the Be temperature to
values around the melting point.
The ELM radiation behaviour has been analysed in detail in the type I ELMy H-mode regime which
is the baseline scenario for operation of ITER in high fusion gains. A significant part of the total
ELM energy loss can be found in form of plasma radiation, located mostly in the divertor region.
Large Type I ELMs with energy losses above 0.7MJ show enhanced radiation losses, which are
associated with the ablation of carbon layers in the inner divertor. The ELM-induced radiation is
always higher at the inner than at the outer divertor with the asymmetry increasing approximately
linearly up to a total WELM of about 0.6 MJ and decreasing for higher WELM.
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