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A series of experiments have been executed at JET to assess the efficacy of the newly installed Shattered Pellet
Injection (SPI) system in mitigating the effects of disruptions. In this contribution, the results from these JET
SPI experiments are presented and their implications for the ITER disruption mitigation scheme discussed.
An effective Disruption Mitigation System (DMS) that minimizes thermal excursions, mechanical forces and
effects of Runaway Electrons (RE) is mandatory for successful operation of ITER. The chosen ITER-DMS con-
cept [1] is based on disruption mitigation through injection of shattered pellets, so-called SPI, which promises
a deeper and faster penetration of radiating material compared to the commonly used Massive Gas Injection
(MGI) valves as demonstrated on DIII-D [2].

Gaps in the understanding of the effectiveness of disruption mitigation with SPI still remain. To assist in
addressing them, a new SPI system has been brought into operation during the most recent JET campaign
and the efficiency in mitigating thermal and electromagnetic loads and in dissipating the energy of an exist-
ing RE-beam has been studied. The JET SPI experiments are a key element to allow extrapolation to ITER
in terms of size, plasma current and plasma energy. Moreover, the ITER-like wall is essential to address in-
jections with low impurity content without being impacted by high carbon levels. These experiments serve
as basis for the benchmarking of models that are required to predict the performance of the ITER-DMS. The
JET SPlis a three-barrel injector system capable of delivering neon, deuterium, argon and mixed pellets. By
using mechanical punches, which are required to dislodge argon pellets, the velocity of the fired pellet and
the resulting shard size and speed can be varied significantly [3].

In ITER, thermal load mitigation must ensure a high radiation fraction during the thermal (TQ) and current
(CQ) quenches, while keeping the radiated power asymmetries to acceptable levels. To determine the opti-
mum amount of neon needed to maximise the radiation, the fraction of neon injected together with deuterium
into typical JET low and high energy H-mode plasmas was scanned for magnetic and thermal energies rang-
ing respectively from 3.0 to 16 MJ and from 1.0 to 7.0 MJ. High radiated energies are reached for neon atom
quantities >3-4x1021. However, due to potential variations in pellet velocities and shard size distributions,
the achieved radiation level varies. Analysis of fast camera observations of the pellet shard ablation indicates
differences in the material delivery that can be expected to affect the radiation efficiency. The achievable
radiation levels depend on the fraction of thermal energy in the pre-disruptive plasma, though it should be
noted that radiation asymmetries have an important impact on the assessment of the thermal load mitigation
efficiency [4]. In addition, such asymmetries can lead to a local radiation flash sufficient to melt some areas
of ITER beryllium first wall (FW). In order to determine the toroidal peaking factor of the radiation, either
a good toroidal coverage with the bolometry diagnostic is required, or the toroidal distribution must be in-
ferred from the change of the radiated power at a given toroidal location as a function of the location of the
locked mode phase. At JET, the total radiated power can be estimated at two different toroidal locations [5].
By superimposing a non-axisymmetric n=1 perturbation field [6], the radiation asymmetry was measured as
a function of the locked mode phase. The experiments indicate that asymmetries decrease with increasing
plasma energy. A dedicated modelling programme accompanies these experiments to assist the data interpre-
tation and to provide the extrapolation to ITER [7].

Low radiation levels during the unmitigated CQ are expected to lead readily to melting of the ITER FW due to
high plasma thermal fluxes. This has in fact already been observed in JET after unmitigated disruptions with
plasma currents > 2.0 MA. It must therefore be ensured that the magnetic energy will be fully radiated and
hence that a late material injection, i.e. after the TQ, is still effective. In order to test the mitigation scheme,
where the DMS is triggered after a TQ, a density limit disruption has been provoked on JET by deuterium
MGI into an ohmic plasma, with the SPI triggered such that the shards arrive ~9 ms after the start of the CQ
(see Figure 1). As a result, the CQ has been accelerated and the radiated energy has been more than doubled
compared to the unmitigated reference.
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To keep the electromagnetic forces on the ITER blanket modules within the design limits, the CQ times must
remain within a range 50-150 ms [8]. The JET experiments have clearly demonstrated the controllability of the



CQ rate by injecting different quantities of neon. Moreover, the effects of asymmetric Vertical Displacement
Events are found to be fully mitigated with SPI, when the vertical displacement is detected with sufficient
warning [9].

For ITER, initial modelling predicts that 6x1024 hydrogen atoms must be assimilated by the plasma to avoid
the generation of REs [10]. This scheme was successfully tested at JET by injecting deuterium with the SPI
into RE-prone disruptions initiated by a pure argon MGI. In ITER, injection of multiple pellets is required to
achieve sufficiently high density for avoidance of REs. The material assimilation during dual injection in JET
using the largest two barrels was assessed. It was found, similarly to DIII-D, that the simultaneous arrival of
the shards from the two pellets is essential to maximise the assimilation. The available time to inject high-Z
material for heat load mitigation after an attempt has been made to raise the density for RE avoidance was
determined by injecting a large, pure deuterium SPI into a high thermal energy plasma. Cooling durations up
to the TQ of several tens of ms were achieved. On the contrary, by doping the deuterium pellet with just 2%
neon, the cooling duration is reduced to a few ms, which would impose severe constraints on the synchroni-
sation of the ITER-DMS injectors. These results are in agreement with modelling for ITER using the INDEX
code, where the dilution cooling by pure deuterium SPI is found to avoid an immediate radiative collapse and
delays the TQ trigger [11].

In the case of accidental RE generation in ITER, a scheme to dissipate their energy must be in place. Injections
of both pure argon and neon shards into a fully developed RE-beam in JET can reduce the RE current. How-
ever, in contrast to high-Z injections, it was observed that pure deuterium injection could avoid high energy
deposition during the final loss phase of the RE-beam.

On ITER hydrogen is planned for use both as propellant and main pellet material for RE avoidance through-
out all operational phases, raising the issue of a potential detrimental effect on the subsequent pulses due to
dilution of the plasma main species with residual hydrogen. Tests in H-mode plasmas at JET are helping ITER
to determine whether or not this will be an issue.
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