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Introduction
Using impurity (such as neon) Shattered Pellet Injection (SPI) just before the thermal quench

(TQ) to radiatively dissipate the stored thermal energy is part of the ITER disruption mitiga-
tion baseline concept. It is desirable to deplete most of the thermal energy uniformly onto the
first wall to avoid localized heat flux, as well as to accelerate the current quench (CQ) [1]. Me-
anwhile, the MHD activity will affect the radiation asymmetry and the total radiated energy
since it determines how the confinement is lost. Hence it is of interest for us to obtain a better
understanding on the interplay between the MHD and the radiation after the impurity SPI.

Basic assumptions and the system of interest
The 3D nonlinear reduced MHD code JOREK is used to investigate a neon SPI into a JET

plasma. The problem is modelled by considering the reduced MHD [2] with conservative mo-
mentum equation under the strong charge exchange assumption so that all species share a single
velocity field. The ablation of each fragment is modelled separately with the strong Neutral Gas
Shielding (NGS) model in a Maxwellian plasma [3],
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Here, ne and Te are the ambient electron density and temperature, rp is the fragment radius, Ap

and Zp are the mass and atomic number of the material, γ is the adiabatic coefficient. We further
model the distribution of the fragment size with the Statistical Fragmentation Model [4],
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where P(rp) is the probability function, K0 is the modified Bessel function of the second kind,
and κp is the inverse of the characteristic radius.
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Figure 1: The comparison of the
radiation function over time.

The ionization potential energy and the radiative cooling rate
is modelled assuming coronal equilibrium (CE), even if the im-
purity species is not really in a CE state during the injection.
Indeed, such assumption only produces a slight deviation in the
radiation function compared with more delicate models in a ra-
pidly cooling plasma. To show this, we compare, in 0D, the CE
result with a time evolving model with convective loss on all
charge states (time scale τloss ∼ 10−5s) and neutral source (com-
pensating the loss) in a cooling plasma (exponentially cooled
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from 5keV to 10eV with timescale τcool ∼ 10−5s, as observed with JOREK). The deviation is
acceptable once the plasma is cooled down to 50eV range (t ≥ 5×10−5s) as is shown in Fig. 1.

Figure 2: The injection
configuration for SPI.

We use the JET shot 85943 at time 62.4s as the target equilibrium.
The toroidal magnetic field Bt = 3T , and the total plasma current is
Ip = 2MA. The pre-injection thermal energy is about 0.51MJ, with
Te(0) = 3.5keV , and ne(0) = 2.2× 1019/m3. The q profile is mono-
tonic with q(0) = 0.978 and q95 = 4.9. Without injection, large scale
tearing or resistive kink modes are practically stable for the timescale
we are concerned with here. We inject 4× 1021 neon atoms with a
reference injection velocity 500m/s and a 20% speed spread with flat
distribution. The whole pellet is assumed to be shattered into 100 frag-
ments with characteristic radius κ−1 ≃ 0.25mm. The fragment trajec-
tory cone is shown in Fig. 2 with its axis lying on the (R,Z) plane and
its vertex angle chosen to be 20 degrees.

Temperature & Current profile evolution and MHD modes excitation

Figure 3: The temperature profile
for 0.0ms, 1.19ms, 1.31ms (just after
the TQ) & 1.36ms, respectively. Black
stars denote the approximate position
of vanguard fragments.

The SPI drives up MHD instabilities by intensive cool-
ing and ensuing resistive current redistribution. Here, we
are mainly concerned with the global n = 0 current con-
traction and the local helical current perturbation.

Compared with its deuterium counterpart [5], the n = 0
current contraction is more evident in impurity SPI due
to the more efficient radiative cooling, thus lower post-
injection electron temperature and higher resistivity. As
can be seen from Fig. 3, the cooling front closely follows
the vanguard fragments (represented by the black stars)
before the TQ, and the electron temperature in the wake
of the fragments is on the order of 10eV . As the TQ is
triggered around 1.3ms, outgoing heat flux from the hot
plasma core re-heats the cold outer region. The plasma
will then again be cooled down to 10eV range by intense
impurity radiation over hundreds of microseconds.

Figure 4: The n = 0 current con-
traction before the TQ. The q = 2 sur-
face is marked by blue vertical lines.

As a result of the high resistivity, considerable n = 0
current contraction readily follows the propagation of
the cooling front. Such contraction plays a major role in
MHD destabilization and the triggering of the TQ is clo-
sely associated with the current channel shrinking into the
q = 2 surface which drives the 2/1 resistive kink and its
higher order harmonics in this process [6]. This is shown
in Fig. 4 where the initial current profile and the one close
to the TQ onset are compared. A significant amount of
current can be seen being pushed into the q = 2 surface
by the resistive contraction, and it is after this time the

45th EPS Conference on Plasma Physics P4.1043



MHD modes suddenly begin to grow, as will be seen later on in Fig. 6.

Figure 5: The perturbed tempe-
rature profile at 1.36ms showing
helical cooling structures.

Meanwhile, the helical cooling (thus helical current perturba-
tion) near major rational surfaces also contributes to the MHD
destabilization. Although its contribution is overshadowed by
the strong n = 0 current contraction before the TQ, the relaxa-
tion of n = 0 temperature and current profiles after the TQ eli-
minates those n = 0 contributions and makes the helical effect
the dominant mechanism, which continues to drive the MHD
modes and keeps the plasma in a stochastic state over hundreds
of microseconds. The helical cooling structure caused by the
fragments after the TQ is shown in Fig. 5, where the cooling
structures corresponding to 4/1, 3/1 and 2/1 helicities can be
identified. The black star marks the position of the fragments.
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Figure 6: The MHD spectrum after the
SPI, the black dash-dotted line repre-
sents the onset of the TQ.

The MHD response as a result of the above two me-
chanisms is shown in Fig. 6, where the dash-dotted line
represents the time of the TQ at 1.3ms. It can be seen that
early on there is very little MHD response from the neon
SPI, and while some n = 1 and n = 2 perturbations in-
deed are excited by the fragments, their amplitude stays
small until the fragments (thus the boundary of the cur-
rent channel) approaches the q = 2 around 1.19ms. As the
current is going into the q = 2 surface, sudden growth of
both kinetic and magnetic perturbations for all harmonics

occurs, although the spectrum is still dominated by the n = 1 mode (the 2/1 resistive kink).
The collective growth of modes ultimately triggered the TQ, causing wide-spread stochasti-
city. After the TQ, the perturbation amplitude will be sustained at a high level for hundreds of
microseconds by the helical effect (not shown in the figure).

The radiative power density asymmetry and the total radiated energy fraction
Strong poloidal and toroidal asymmetry is observed during the pre-TQ and early TQ phase,

which in turn is an indication of the impurity density asymmetry since the strong parallel heat
conduction ensures quick relaxation of the electron temperature. This asymmetry essentially
is the result of the competition between the localized impurity source by fragments ablation
and the density relaxation along the field line by parallel convection. As the ablation source is
eliminated in the late stage of the TQ, such asymmetry will be relaxed.

The radiation power density profiles at toroidal location π/2 away from the SPI location and
at time 0.59ms, 1.19ms and 1.36ms are shown in Fig. 7. Before the TQ, the radiation profile
takes the form of an asymmetric halo moving inward along with the fragments, with the asym-
metry changing over time as the fragments move to different rotational transform surfaces.

The strong toroidal asymmetry can be seen by plotting the log10 of the radiation power density
profile as shown in Fig. 8. The toroidal asymmetry is shown to be more peaked than n = 1, as
there is 1.5 order of magnitude difference between the peak value at the injection location than
that at the π/2 & π locations, and there is not so much difference between the latter two cases.
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Figure 7: The radiation power density at π/2 from the SPI for 0.59ms, 1.19ms & 1.36ms, respectively.

Figure 8: The log10 of radiation power density at 1.36ms for 0, π/2 & π away from the SPI.
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Total radiated energy after the neon SPI

Figure 9: The total radiated energy,
with red dash-dotted line marks the TQ.

Finally, the total radiated energy as a function of time is
shown in Fig. 9, where the occurrence of the TQ is marked
by the red dash-dotted line. It can be seen that by the end
of the TQ (defined by most of the plasma cooling down to
O (10eV )) which lasted about 500µs, the radiation takes
away more than 80% of the initial thermal energy.

Conclusion
Neon SPI into a JET equilibrium is simulated by JO-

REK to investigate the interplay of the MHD modes and
the radiative cooling after the injection. Evident global n = 0 current contraction as well as local
helical cooling occur as fragments travel inward, and the TQ happens as the fragments approach
the q = 2 surface. Strong poloidal and toroidal radiation asymmetries exist in the pre-TQ and
the early TQ phase, with the toroidal peaking stronger than n = 1 asymmetry. Most of the initial
thermal energy can be radiated away by the end of the TQ even with the smallest caliber SPI.

ITER is a Nuclear Facility INB-174. The views and opinions expressed herein do not necessarily reflect
those of the ITER Organization or the European Commission. This work has been carried out within the
framework of the EUROfusion Consortium.
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