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Abstract
We assess runaway-electron (RE) generation in ITER disruptions mitigated by shattered pellet
injection (SPI) using improved physics modelling in the 1D disruption simulation framework
Dream. To this end, we extend Dream with four ITER-relevant physics models: (i) a reduced
model for RE scrape-off associated with the vertical plasma motion, (ii) a semi-analytical
plasmoid-drift model for material deposition, (iii) an adaptive hyper-resistive transport model to
suppress unphysical thin-current channels during the current quench (CQ), and (iv) an updated
Compton RE generation seed calculated for the new ITER tungsten first-wall design. We
simulate full-current 15 MA L-mode (H26, non-nuclear) and H-mode (DTHmode24, nuclear)
scenarios, and an intermediate-current 7.5 MA H-mode non-nuclear case, from realistic ITER
inputs. Within the adopted reduced-model framework, complete avoidance of a multi-MA RE
beam is found to require a long pre-thermal quench (TQ) duration to thermalize the hot-tail
electrons, high deuterium assimilation with limited neon, and a representative seed current
comparable to a single RE in ITER. As previously found with lower fidelity setups (Vallhagen
et al 2024 Nucl. Fusion 64), these conditions are met by staggered or low-Ne injections in H26,
but are typically violated in DT H-mode when nuclear seeds are present. In addition to
analysing the effect of the new models, we investigate the role of the current spike associated
with the TQ and the importance of radial transport of runaways in the CQ. After incorporating
these additional physical effects into a comprehensive disruption model and analysing their
impact, we present a representative ITER DT H-mode SPI scenario which, within the adopted
reduced-model framework, yields a substantially mitigated representative RE current. This case
illustrates a possible route toward reduced RE-current levels in ITER DT operation, although its
quantitative tolerability remains dependent on scenario-specific impact and termination
assumptions.
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1. Introduction

Tokamak disruptions represent one of the greatest physics and
engineering challenges for the reliable operation of ITER and
future fusion reactors. During these off-normal events, the
stored thermal and magnetic energy of the plasma is rapidly
released, while a strong toroidal electric field is induced,
potentially generating multi-megampere beams of relativistic
runaway electrons (REs). Therefore, a robust disruption miti-
gation system (DMS) is an essential component for machine
protection. To be effective, the system must minimize local-
ized heat loads on the vessel wall during the thermal quench
(TQ), protect it from RE beam impacts, and limit the electro-
magnetic forces exerted on structural components. In a 15MA
ITER plasma, these objectives translate into specific opera-
tional constraints: the current quench (CQ) must complete
within 50–150 ms to limit structural forces, and the RE cur-
rent must be reduced to the lowest achievable level. A value
of order 150 kA is commonly used as an illustrative reference
for RE-current mitigation [1]. This limit is, however, scenario-
dependent: it depends on the assumed RE termination/impact
characteristics, in particular the toroidal extent (axisymmetry
vs localized strikes) of the deposition footprint and on whether
a significant fraction of the plasma magnetic energy is con-
verted into additional RE kinetic energy during the terminal
loss [2].

The disruption mitigation strategy of ITER relies on shat-
tered pellet injection (SPI) [1]. This technique, first demon-
strated at DIII-D in 2010 [3], involves the rapid injection of
massive quantities of cryogenic material—specifically, a mix-
ture of neon and hydrogen for ITER—as soon as a disruption
is expected to occur. The injected material cools the plasma
and increases collisional drag, before significant RE popu-
lations can develop. In recent years, much work has gone
into developing SPI as a disruption mitigation technique [4–
7] and at present several key tokamaks operate, or have oper-
ated, their own SPI systems, including DIII-D [7], ASDEX
Upgrade [8], KSTAR [9], and JET [10, 11], which provide
data to guide the design of the ITER DMS [11–13]. However,
a critical challenge lies in predicting how SPI performance
will scale from current experimental conditions to reactor-
scale plasma parameters. While existing experiments provide
insights into material assimilation and plasma response, the
nonlinear physics governing RE dynamics, particle and heat
transport, and MHD stability under ITER-relevant conditions
introduces significant uncertainties that cannot be resolved
through empirical extrapolation alone.

Predictive modelling becomes essential to bridge this gap
between present experimental capabilities and reactor-scale
requirements. Recent experimental and 3D-MHD studies have
substantially refined the picture of SPI assimilation and

TQ triggering in ITER. Substantial effort has been devoted
to validating non-linear 3D MHD codes against ASDEX
Upgrade [14, 15] and JET [16, 17] SPI discharges, and
to extrapolating these results to ITER conditions [18, 19].
Despite this progress, current ITER predictions from 3D
MHD modelling should be regarded with caution, as val-
idation against existing experiments is not yet uniformly
successful.

Reduced models and integrated disruption simulations pro-
vide a complementary route to scan the parameter space rel-
evant for RE suppression. In fact, several studies have per-
formed integrated simulations of complete disruption events,
focusing on the CQ phase and commonly relying on simpli-
fied geometries and/or prescribed profiles for material depo-
sition and temperature reduction [20–22]. Early results [20]
indicated that sufficiently large hydrogen injections could sup-
press RE production. However, later work [21] showed that
at very high hydrogen densities the accompanying recombi-
nation reduces the free-electron density. This enhances the
avalanche gain by offsetting the competition between fric-
tional drag and avalanche multiplication [23], leading to the
production of multi-megaampere RE currents. More recent
reduced-kinetic modelling of ASDEX Upgrade SPI experi-
ments [24] and dedicatedmeasurements of the radiated-energy
fraction [25] further identify the neon fraction as a key con-
trol parameter for radiated power, current-quench dynam-
ics, and post-disruption runaway formation. A recent multi-
device analysis spanning J-TEXT, KSTAR, ASDEXUpgrade,
DIII-D, and JET also indicates that the energy-loss duration
increases with machine size and that, in larger devices, pellet
shards can penetrate ahead of the radiative cold front [26], sup-
porting the possibility of extended pre-TQ windows in ITER-
relevant conditions.

A first investigation into SPI-mitigated disruptions in ITER
using a self-consistent treatment of impurity injection and
TQ triggering, linked to the evolution of magnetic perturba-
tions, was presented in [27]. This study assessed the impact
of dividing the injection into two separate phases, building on
earlier work in [28]. The resulting two-stage cooling effec-
tively thermalized the high-energy tail of the electron distri-
bution before the onset of RE generation, thereby significantly
reducing the hot-tail seed. This approach showed potential for
achieving low RE currents in scenarios where activated seed
mechanisms, such as tritium beta decay and photon Compton
scattering from activated wall materials, are absent. It should
be noted, however, that these simulations were limited to a
small subset of scenarios and incorporated several idealiza-
tions, including circular plasma cross sections, a fixed timing
for the TQ independent of plasma evolution, and the omis-
sion of ion transport following pellet ablation. Recent simula-
tions incorporating enhanced transport coefficients informed
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by 3D modelling have shown that, in 15 MA non-nuclear
ITER scenarios, both single and staggered SPI can effectively
suppress the runaway current below critical thresholds [29].
However, for 15 MA deuterium-tritium (DT) plasmas, the
runaway current consistently exceeds the mega-ampere level
when employing the same mitigation strategies.

While these results represent significant progress in under-
standing RE mitigation, they remain affected by key mod-
elling limitations, which have motivated the present study.
First, earlier simulations neglected vertical plasma motion,
despite its ubiquity during disruptions in ITER [30]. However,
recent Jorek simulations [31, 32] have demonstrated that ver-
tical plasma motion during the CQ can induce significant
RE losses through scrape-off, as magnetic flux surfaces inter-
sect the vessel wall. In the reduced model used here, these
losses should be understood primarily as part of a broader
reduction of the confined plasma volume caused by the ver-
tical plasma motion. Together with the associated electric-
field dynamics, this reduction limits themagnetic energy avail-
able for conversion into RE kinetic energy, and can there-
fore strongly reduce the avalanche gain in nearly mitigated
cases. To capture this effect, a scrape-off loss model was
introduced in Dream in [33], and validated against two-
dimensional magnetohydrodynamic (2D-MHD) simulations
with Jorek.

Second, the modelling of material assimilation following
SPI in earlier works neglected the expected drift of ablated
material in the curved magnetic geometry of the tokamak [34–
37]. This likely resulted in an overestimation of material depo-
sition in the plasma core and, consequently, an overpredic-
tion of mitigation efficiency. A semi-analytical model captur-
ing this drift was developed in [37], implemented in Dream,
and subsequently validated against ASDEX Upgrade experi-
ments [38].

Third, the one-dimensional fluid models employed in
Dream are prone to the formation of unphysically narrow
current channels, which can artificially extend the TQ via
localized ohmic heating [39]. This one-dimensional artifact
is expected to be suppressed by inherently three-dimensional
MHD dynamics. In the present work, we introduce a model in
Dream that mimics the effect of such MHD instabilities.

Finally, the Compton scattering RE seed model employed
in previous works was based on outdated beryllium (Be) first
wall configurations and required revision in light of the new
ITER tungsten (W) first-wall design.

In this work, we present a computationally efficient mod-
elling framework that simultaneously addresses these four
effects, while also accounting for the multitude of physics
found to be relevant in previous works. Section 2 describes
the integration of physics-based models for vertical motion-
induced scrape-off, plasmoid drift, MHD-driven enhanced
transport, and an updated Compton seed source into the 1D
disruption simulation framework Dream [40], along with the
general disruption model and the ITER scenarios simulated
in this study. In section 3, we evaluate the combined impact
of the implemented models on the performance of SPI dis-
ruption mitigation in ITER. Finally, in section 4 we conclude

by extending the analysis to a representative nuclear ITER
disruption scenario, highlighting conditions under which RE
suppression may be achieved.

2. Improved physics models

To simulate disruptions in ITER, a baseline model is set up
using Dream. The model incorporates a wide range of physi-
cal effects, including those used in [29] as well as a number of
new effects which have been proven to be of great importance
in ITER. In this section, we give an overview of the disrup-
tion model used and describe the physics of the four main new
physicsmodels implemented for the purpose of this study [29].

Since several of the processes considered here are intrin-
sically multidimensional, a 1D disruption framework neces-
sarily represents them through flux-surface-averaged closures
rather than resolving their full geometry. Dream evolves flux-
surface-averaged quantities and therefore does not directly
resolve toroidal or poloidal asymmetries, nonlinear MHD
mode dynamics, stochastic-field topology, plasmoid cloud
geometry, wall-contact patterns during VDEs, halo-current
structure, or the plasma response to externally or internally
generated 3D perturbations. These effects enter the present
simulations through dedicated closure models: plasmoid drift
is represented by a semi-analytical displacement model, VDE-
induced RE losses by an open-field-line scrape-off term,
TQ and CQ stochastic transport by Rechester–Rosenbluth-
like diffusion coefficients, and rapid current-profile relaxation
by hyper-resistive diffusion. Each closure is self-consistently
coupled to the bulk evolution, but the quantitative thresh-
olds reported below depend on the specific closure choices
and their parameters. The 1D approach is the computationally
tractable counterpart to higher-fidelity 2D/3D MHD calcula-
tions: it enables the wide ITER-relevant parameter scans pre-
sented here, which would be infeasible in 2D/3D at compara-
ble cost, and is used to identify dominant sensitivities and to
assess how different reduced physics mechanisms interact in
determining the RE seed, avalanche gain, and final represen-
tative RE current.

The simulations are based on three ITER scenarios
described in [41, 42]. Two of these are 15 MA scenarios,
referred to as full current cases: DTHmode24, a DT H-mode
plasma with equal isotope concentrations, and H26, a hydro-
gen L-mode plasma that, unlikeDTHmode24, does not include
nuclear RE seeds, as no nuclear reactions are expected. Both
these scenarios feature a 15MA plasma current and will hence
be referred to as the full current scenarios. The third scenario,
referred to as the intermediate current scenario, is DD7.5, a
pure deuterium H-mode plasma, featuring a plasma current of
7.5 MA. In all simulations, numerical magnetic equilibria are
used with a wall radius of b = 2.833 m, chosen to reproduce
the poloidal magnetic energy inside the vacuum vessel from
Jorek simulations, including corrections for poloidal field coil
contributions. The wall is assumed to be resistive with a wall
time of τwall = 0.5s. Initial plasma profiles are imported from
the transport code Corsica [43] for the full current scenarios
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Figure 1. Initial plasma profiles for the scenarios considered. Solid blue lines correspond to the intermediate current scenario (DD7.5),
dashed magenta lines to H26, and dotted yellow lines to DTHmode24. Shown are (a) electron temperature, (b) electron density, and (c)
ohmic current density as functions of the radial coordinate.

and fromAstra [44] for the intermediate current scenario, and
are shown in figure 1.

2.1. Disruption model

Shattered Pellet Injection. The SPI model implemented in
Dream is described in detail in [27]. The mean pellet frag-
ment velocity is set to vp = 500 m s−1, with a uniform
velocity spread of ∆v/vp = 0.4, and an injection divergence
angle of α=±10◦. Fragments are assumed to originate from
(R,Z) = (8.568,0.6855)m. We analyse a single ITER pel-
let containing 1.85× 1024 atoms using only the shard size
corresponding to 487 fragments. The fragment size distribu-
tion follows the formulation of Parks [45]. In all scenarios,
the number of atoms per shard is adjusted to conserve the
total pellet mass. After pellet shattering, the ablation of indi-
vidual shards is modelled using the Neutral Gas Shielding
(NGS) approach [46]. The ablation rate includes a correc-
tion for the empirical magnetic-field reduction factor of the
form (2/B)0.843 (with B in tesla), which originates from cylin-
drically symmetric near-field FronTier simulations of pellet
ablation in magnetized plasmas that neglect plasmoid drift
effects [47, 48]. Since 3D simulations including ∇B-driven
drift show a weaker magnetic-field reduction of the ablation
rate than axially symmetric models, applying this fit to ITER
conditions may underestimate the ablation rate when drift
effects are important. Deposition locations are further modi-
fied by plasmoid drift, modelled according to [37] and briefly
described in section 2.2. Besides cooling the plasma through
radiation and dilution by the deposited material, SPI also tends
to destabilize MHD modes, potentially triggering a TQ.

Thermal Quench. In this work we use the term TQ to mean the
phase during which cross-field transport is strongly enhanced,
leading to the rapid loss of thermal energy and increased
transport of REs. The ‘TQ onset’ refers to the time at which
the enhanced-transport is activated. Two distinct criteria are
used to trigger the TQ in the simulations. With the early
onset criterion, the TQ begins when a neon-carrying shard
reaches the flux surface with q= 2. With the late onset cri-
terion, the TQ is instead initiated when the temperature at
any location within the q= 2 surface falls to 10eV or below.
These numbers are motivated by the observation that resistive

current profile decay becomes sufficiently rapid at 10eV to
potentially trigger MHD instabilities near the q= 2 surface
within approximately one millisecond. At these temperatures,
resistive current-profile evolution over MHD-relevant radial
length scales can occur on millisecond time scales, making
MHD activity near the q= 2 surface plausible. Notably, the
local temperature of the plasmoid or at given field line can drop
to 10eV before the flux-surface-averaged value does, partic-
ularly near Ne shards traversing the q≈ 2 region, which may
induce MHD activity, captured by the early onset condition.
Accordingly, we regard the early onset condition as the most
conservative trigger, allowing a prompt TQ from localized
cooling, whereas the late onset condition corresponds to the
more optimistic limit in terms of RE generation. The two crite-
ria should therefore be interpreted as a bracket on the possible
TQ onset rather than as a predictive model for a unique trigger
time.

Once the TQ starts, spatially and temporally constant elec-
tron heat transport and RE diffusion are activated for the TQ
duration tTQ, set to either tTQ = 1ms or 3ms, in line with
experimental extrapolations for ITER scenarios. This duration
bracket is chosen to span the range suggested by experimen-
tal machine-size extrapolations to ITER [49] and by 3D non-
linear MHD simulations of ITER-relevant SPI scenarios [50].
Since the hot-tail seed depends very sensitively, approximately
exponentially, on the cooling time [51], this assumption is par-
ticularly important in marginally suppressed cases. We refer
to this phase as the TQ or TQ transport phase. These transport
processes are modelled using Rechester–Rosenbluth-like dif-
fusion coefficients dependent on the normalized magnetic per-
turbation amplitude, δB/B [52]. The δB/B values are chosen
to ensure that the central electron temperature decreases below
200eV within the TQ duration, assuming transport as the only
energy loss channel. In practice, additional losses such as radi-
ation further reduce the temperature. At sufficiently low tem-
peratures (≈100eV), ohmic heating balances transport losses,
preventing further cooling due to transport alone, and further
cooling is instead dominated by radiation. The δB/B values
used, listed in table A1, typically range between 0.1% and 1%,
consistent with 3D non-linear MHD simulations under ITER-
like conditions [53, 54].

Ion transport for all charge states is also initiated concur-
rently with the heat and RE transport. The initial ion diffusion
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coefficient isDion = 4000m2s−1, and the advection coefficient
is Aion = −2000ms−1. These coefficients then decay expo-
nentially to zero with a characteristic timescale τ = 0.5ms.
The negative sign of Aion corresponds to an inward pinch
which, together with the large initial Dion, drives a rapid core
accumulation of neon and thus a radially peaked neon den-
sity profile which may not be fully representative of expected
neon profiles. Similar transport models have been validated
against ASDEX Upgrade experimental data using Astra sim-
ulations. The characteristic transport times τD = a2/Dion and
τA = a/Aion, with a the plasmaminor radius, also lie in themil-
lisecond range. This configuration supports rapid corematerial
redistribution within ∼0.1ms, consistent with 3D MHD mod-
elling [28, 53].

Runaway electrons. The Dream simulations presented here
employ a fully fluid model for RE dynamics. Dreicer gen-
eration is calculated using a neural network trained on
kinetic simulations [55], while hot-tail generation is calculated
according to appendix C of [40]. Avalanche multiplication is
implemented according to the model in [23], incorporating
partial screening effects.

RE radial transport is modelled using the approach of
Svensson [56], which averages velocity-resolved transport
coefficients over momentum space for application to the
fluid RE population. The momentum dependence is taken as
p∥/(1+ p2), capturing the expected low-energy ∝ v scaling
and mimicking the suppression of transport at high energies
due to finite orbit width effects [54].

In the DTHmode24 scenario, additional RE generation
sources from tritium beta decay and Compton scattering are
included. To model the sharp drop in photon flux following
cessation of fusion neutron generation, the Compton seed term
is treated with a two-stage flux model: the photon flux is ini-
tialized using the ITER nominal value from [20], and reduced
by a factor of 10−4 at the end of the TQ, coinciding with
the termination of the transport phase. This reduction mim-
ics the expected decline in wall photon emission when neutron
bombardment ceases, while accounting for the delayed photon
flux.

Finally, to capture RE losses during the vertical plasma
motion, the reduced scrape-off loss model from [33] is
included, along with an additional term in the electron heat
equation to account for parallel heat losses in open field line
regions, as described in section 2.3.

2.2. Plasmoid drift model

As a pellet ablates in the hot plasma, its cold, dense ablation
cloud (plasmoid) drifts across magnetic field lines towards the
low-field side due to charge separation in the curved toka-
mak field, which generates a vertical electric field driving the
plasmoid outward. This drift can carry material away from
the core, especially for pure hydrogenic pellets whose rela-
tively hot (tens of eV), and thus highly over-pressurized, plas-
moids experience strong outward motion. In contrast, neon-
doped pellets form cooler clouds with minimal drift, resulting
in deposition closer to the ablation point.

The plasmoid drift model used here was developed in [37].
In that work, the radial displacement of the ablation cloud ∆r
is expressed as an integral of the electric field component Ey
perpendicular to the cloud surface:

∆r=
1
B

ˆ ∞

0
Ey (t) dt, (1)

where B is the magnetic field strength. We obtain Ey(t) by
integrating the linear evolution equations given in equations
(2.31)–(2.32) of [37]. Specifically, in Dream we evaluate ∆r
in the analytical limit of negligible Alfvén currents expressed
in equation (A4) of [37].

This model assumes that the ablation cloud is a slab with
uniform poloidal thickness that drifts and expands along mag-
netic field lines. The plasma properties are assumed to be
uniform across both the poloidal and toroidal directions. To
define the state of the drifting material, several parameters
must be specified: the initial temperature T0 near the pel-
let, a characteristic drift temperature T, the mean ioniza-
tion state ⟨Zi⟩ for each ion species i present in the pellet
composition, and the half-width ∆y of the drifting cloud.
These quantities can be inferred from existing experimental
data [57] and computational studies [38, 58]. For the scenar-
ios considered in this work, we adopt T0 = 2eV, ⟨ZH⟩= 1,
⟨ZNe⟩= 2, with a drift temperature T= 5eV for neon-doped
pellets and T= 30eV for pellets composed purely of pro-
tium. The choice of T0 reflects the threshold at which the
ablation cloud becomes sufficiently ionized to initiate drift.
The lower drift temperature in the Ne-doped case arises from
enhanced radiative cooling around 5eV, which suppresses fur-
ther heating. Nevertheless, this temperature is sufficient to
nearly fully ionize hydrogenic species, justifying the selected
value of ⟨ZH⟩= 1.

Among the parameters involved, the half-width∆y has the
most significant influence on the drift behaviour of the ablation
cloud. Although precise measurements are challenging, both
experimental observations and numerical simulations consis-
tently suggest that ∆y≈ 12.5mm is a reasonable and repre-
sentative estimate [16, 38, 57–60]. These parameter choices
are motivated by present-device observations and by valida-
tion against ASDEX Upgrade SPI experiments [38], but the
scaling of∆y and of the effective drift temperature with back-
ground plasma temperature, magnetic field, pellet composi-
tion, and ITER geometry remains to be better constrained.
Consequently, the drift model is used here to assess the sensi-
tivity of SPI performance to plausible outward material redis-
tribution, rather than to provide a definitive prediction of the
deposited density profiles in ITER.

2.3. Modelling of vertical displacement events

To model vertical displacement events in Dream, we have
implemented two complementary models. The first model
accounts for RE losses due to the vertical displacement of the
plasma, while the second model addresses parallel heat losses
in the halo region when the flux surfaces are open.
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2.3.1. Scrape-off RE loss model. The scrape-off RE loss
model incorporated into our simulations aims to capture the
essential effects of flux surface scrape-off during vertical dis-
placement events within the Dream framework. The model
builds upon observations from Jorek simulations, which show
that the variation in the poloidal magnetic flux at the instan-
taneous last closed flux surface (LCFS) during the CQ in
ITER is relativelyminor [31]. This consistency in poloidal flux
allows a simplified modelling framework that distinguishes
between open and closed field line regions, even though the
plasma geometry for a given toroidal flux surface is fixed.
The model was originally derived, implemented, and tested
in [33]. This assumption of constancy of ψLCFS is essential to
the reduced 1D treatment used here: if the poloidal magnetic
flux at the LCFS were to vary significantly on the VDE time
scale, the prescribed mapping between closed and open flux-
surface regions would no longer be reliable, and the model
would break down.

To enforce the condition that REs in the open field line
region are lost rapidly, a particle loss term is introduced for
the RE density (nRE) on a flux surface labelled by r:(

∂nRE

∂t

)
scrape-off

=− nRE

τloss
Θ(r− rLCFS) , (2)

where τloss represents the characteristic loss time scale, Θ is
the Heaviside step function, and rLCFS is the flux surface label
corresponding to the LCFS. The flux surface rLCFS is deter-
mined by solving ψp(rLCFS) = ψp(a, t= 0), where a is the ini-
tial minor radius of the plasma, and ψp(a, t= 0) denotes the
poloidal flux at the edge of the plasma at the beginning of the
disruption. This prescription represents the adopted reduced
description of LCFS opening in a 1D axisymmetric geometry:
REs are assumed to be promptly removed once their flux sur-
face is classified as open. It does not model the detailed wall-
intersection pattern of the lost particles or the associated spa-
tial distribution of impact loads. A physicallymotivated choice
for the loss time scale is τloss ∼ R0/c, where R0 is the major
radius of the tokamak and c is the speed of light. However,
this time scale is much shorter than any other relevant time
scale during the disruption, except for short intervals during
rapid ionization or recombination. To avoid increasing compu-
tational requirements unnecessarily, the more practical choice
τloss ∼ 10∆t is employed, where∆t is the numerical time step
used in the simulations. This choice maintains computational
tractability without altering the qualitative behaviour of the
scrape-off process on the resolved CQ time scales of interest.

2.3.2. Parallel heat loss model. Disruptions with low radia-
tion levels can cause significant heat loads during vertical dis-
placements in the CQ phase, as seen in JET with its ITER-like
wall [41]. Experimental observations have shown that such
heat fluxes are related to the halo currents generated in the
region of open field lines [61]. The Dina code [62] was previ-
ously updated to include convective power losses in the halo
region, in addition to radiation losses, by incorporating paral-
lel heat fluxes of the form q∥ ∼ neTecs [63], and this has now

also been implemented in Dream as a sink term in the elec-
tron energy balance equation, consistent with the EU-DEMO
current-quench heat-flux model of [64]:(

∂Wcold

∂t

)
halo

=−4
3
γshnecsTe

L∥
Θ(r− rLCFS) , (3)

where Wcold represents the electron thermal energy density,
cs =

√
(Te + γTi)/mi is the sound speed and γsh = 8 is the

heat transmission coefficient used in the simulations. The ion
mass used to calculate the speed of sound is approximated
to the majority species mass, while γ = 5/3 for an adiabatic
transformation with isotropic pressure, and the term L∥ =
2πqR0 is the length of the flux tube along the magnetic field.
Dream calculations including this heat loss term have been
verified against the results in [30], showing a relative error of
≲3% in the radiation-to-ohmic power ratio.

2.4. Adaptive hyper-resistivity model

A major challenge in 1D CQ simulations is the formation
of narrow spikes in the ohmic current density, which pro-
duce short, unphysical bursts of ohmic heating that re-heat
the plasma and prevent a complete TQ. The intense local
Ohmic heating raises the electron temperature, reducing the
plasma resistivity and further concentrating the current into an
increasingly narrow channel. One such artifact is the forma-
tion of thin, radially localized high–current–density channels,
as noted by Putvinski [39]. The result is unphysical plasma re-
heating, preventing simulation completion and yielding inac-
curate results. In real 3D tokamak plasmas, such sharp cur-
rent gradients are MHD unstable and rapidly lead to enhanced
radial transport, thereby flattening gradients and suppressing
the instability. Since Dream does not inherently capture these
3DMHD effects, an adaptive transport model has been imple-
mented to emulate this essential mechanism. The purpose of
this adaptive model is not to predict the detailed MHD evo-
lution of the current profile, but to prevent the formation of
unphysical, radially localized current-density channels in the
1D CQ simulations with low Ne content. It should therefore
be interpreted as a reduced regularization of current-gradient-
driven transport, activated only when steep current-density
gradients develop.

The model continuously monitors the radial profile of the
total current density, jtot. If the gradient of this profile exceeds a
prescribed threshold, the enhanced transport is triggered. The
trigger condition is based on the normalized current density
gradient:

|∇jnormtot |=
∣∣∣∣ a
⟨ jtot⟩

∂jtot
∂r

∣∣∣∣ , (4)

where a denotes the plasma minor radius and ⟨ jtot⟩ is the radi-
ally averaged total current density. Once exceeded, the model
triggers a global enhanced transport for heat, runaway den-
sity5, and poloidal magnetic flux. Rather than simply adding

5 Neglected in actual simulations to be conservative on runaway generation.
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Figure 2. Fitted Compton energy spectra for different ITER first wall materials. (a) In black the original spectrum from [20], in red the new
Be spectrum, and in green the new W spectrum. (b) In black, the raw data from the new radiation transport simulations for Be, in red the
new fit to this data, and in blue the old fit by Martín-Solís et al. (c) In black, the raw data from the new radiation transport simulations for W,
and in red the new analytical fit to this spectrum.

an arbitrary diffusion coefficient to fix the numerical issue, the
model links all transport effects to a single physical param-
eter: the normalized magnetic perturbation strength, δB/B,
which represents the level of magnetic stochasticity that would
be generated by the MHD instability. For the electron ther-
mal energy density (Wcold = 3/2ncoldTcold) and RE density
(nre), a diffusive transport term is applied using the Rechester–
Rosenbluth [52] diffusion coefficient

Dre = πqRmv∥

(
δB
B

)2

, (5)

for transport in stochastic fields, where q is the safety factor,
Rm is the major radius and v∥ is the electron parallel veloc-
ity equal to the speed of light in vacuum c for RE and to
the thermal speed vth for bulk electrons. Simultaneously, to
represent the effect of field line breaking and reconnection,
a hyper-resistive diffusion is applied to the poloidal flux, ψp.
The hyper-resistivity, Λm, is not arbitrary but is calculated to
be physically consistent with the chosen δB/B, based on the
formula [65]

Λm =
1

144
µ0

4π
VAψ

2
t

Nt
=
πµ0qR2

mVAψ
2
t

288a2

(
δB
B

)2

. (6)

where VA = B/
√
µ0ρ is the Alfvén velocity, ψt is the toroidal

flux enclosed by the plasma, and Nt the number of toroidal
turns needed for a stochastic field line to travel across the
plasma. We note that a stochastization of the magnetic field
would likely lead to transport of REs, however to remain con-
servative in our estimate of the number of surviving REs, we
choose to neglect this transport when activating the hyper-
resistivity model to suppress narrow current density channels.

2.5. Updated Compton scattering photon spectra

In high-current ITER disruptions, a significant source of run-
away seeds is expected to be Compton scattering, where

high-energy gamma rays, produced from neutron interactions
with the first wall, scatter off thermal electrons and acceler-
ate them to runaway energies. Previous Dream simulations
[29, 33, 38, 66, 67] used the gamma photon spectrum given
by Martín-Solís et al [20] to evaluate the runaway generation
via Compton scattering, which was provided for a Be wall.
However, the reference design for the ITER first wall has since
been updated to consist entirely of W. As the gamma spectrum
and flux are highly dependent on the interacting material [68],
this change in the baseline design necessitates a corresponding
update to the Compton seed model in Dream.

In the present work, three photon spectra are used as
input, corresponding to prompt gamma emission for a nominal
500MW ITER fusion power plasma. Specifically, we consider
the original Be spectrum from Martín-Solís et al [20], a more
recent calculation for a Be first wall, and a newly generated
spectrum for a W first wall [69]. These spectra provide the
energy dependence of the prompt neutron-induced γ source
used in the Compton seed calculation. The subsequent time
dependence of the source is not calculated self-consistently by
the 1D disruption model, but is prescribed through the reduced
source-history model described below. The fitted Compton γ-
ray energy spectra are shown in figure 2.

Photons with energies below 0.1MeV are excluded from
the fits, as their contribution to RE generation is negligible. In
the intermediate energy range, the updated Be photon spec-
trum generally exhibits higher flux than the previously used
spectrum, indicating that the old Be data underestimated the
Compton γ-ray flux in this domain. In contrast, the W spec-
trum shows closer agreement with the old Be spectrum, featur-
ing a slightly higher flux in themid-energy range and a reduced
flux at lower energies. Due to these relatively small deviations,
the impact on Compton runaway seed generation is expected
to beminimal. In this work, the newW spectrum has been used
for the simulations.

Furthermore, the photon flux decreases by a factor of Fγ =
104 shortly after fusion reactions terminate, corresponding to
the cessation of neutron bombardment at the wall and the
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end of the TQ transport phase in Dream simulations. This
step-like reduction is a reduced-model proxy for the collapse
of the prompt neutron-induced γ emission once fusion power
is quenched, while retaining a residual delayed contribution
from activated wall materials. The value of Fγ is based on
ITER wall-activation and radiation-transport input used for
the updated W first-wall photon spectrum [69], rather than
being predicted by the disruption simulation itself. To account
for this temporal variation, the simulations are initialized with
the nominal ITER photon flux reported in [20], which is then
reduced by a factor of 104 at the conclusion of the transport
event. This choice is deemed to be conservative with respect
to the high-flux phase of the disruption, since the nominal
500MW DT photon flux is retained until the end of the TQ,
although in a realistic mitigated disruption the fusion power
already decreases before or during the SPI-triggered cool-
ing. The post-TQ reduction should therefore be interpreted
as a prescribed reduced source-history model, not as a self-
consistent calculation of the delayed activation γ-emission.
In earlier simulations, a similar approach was employed, but
with a reduction factor of 103. Notably, this choice does not
substantially affect the resulting RE current in our simula-
tions. This weak sensitivity is consistent with the avalanche-
dominated regime of the DT H-mode cases considered here:
once the Compton source produces a seed well above the
single-electron level, the representative RE current is con-
trolled primarily by the available avalanche gain and therefore
depends only weakly on order-of-magnitude changes in the
imposed Compton seed.

3. Simulation results

This section investigates the influence of the new physical
models introduced in section 2 on RE suppression in real-
istic ITER scenarios during SPI. Building on the parameter
scan of [29] (summarized in table A2), we extend the analy-
sis with additional targeted studies. Specifically, after having
repeated the parameter scan of [29] utilizing new physics mod-
els described above, we focus on four key aspects: (i) the sen-
sitivity of RE suppression to reduced neon injection content,
(ii) the role of hyper-resistive diffusion during the TQ, (iii) the
influence of RE transport throughout the CQ, and (iv) the RE
mitigation efficiency at reduced plasma current in ITER.

3.1. Impact of new models

Here we apply the models described in section 2 to the full cur-
rent (15 MA) DTHmode24 and H26 scenarios. Simulations
with single, multiple and staggered SPI schemes are consid-
ered, using up to four pellets delivered either in a single stage
or two staggered stages. In the staggered scheme, pellets are
injected sequentially with a fixed 5ms delay. In the multiple-
injection scheme, several pellets are injected simultaneously
from the same location, while keeping the total injected neon
quantity constant (redistributed among the pellets). We label
these schemes as S, St, and M: S denotes a single Ne doped
pellet, St a two-step staggered injection (protium followed by a

Ne doped pellet), andM simultaneous injection of multiple Ne
doped pellets at the beginning of the pre-TQ phase. The index
(e.g. 1–3) identifies the corresponding variants in table A2
(pellet number/partitioning, Ne/H mixture, and assumed TQ
conditions) as in [29]. Each case corresponds to a different set
of injection and disruption parameters. Taken together, these
cases span a representative range of ITER-relevant assump-
tions and are used here as a sensitivity scan of the quanti-
ties that most directly affect assimilation, deposition, and the
resulting RE dynamics.

We evaluate four figures of merit to compare runaway mit-
igation performance. The pre-TQ time is defined as the time
difference between the transport event trigger and the time at
which the first pellet shard reaches the LCFS. Second, the run-
away seed current is assessed via the representative RE seed,
defined as the RE current remaining after the TQ plus any addi-
tional seed generated during the CQ. Third, the representative
RE current is taken at the point when runaways carry 95% of
the total current (or corresponding to the maximumRE current
if the plateau is not reached). Finally, material assimilation
quantifies the fraction of neon and protium atoms assimilated
by the plasma.

Repeating the baseline scan of [29] for 15 MA ITER plas-
mas with updated physics models reveals that complete avoid-
ance of a multi-megaampere runaway beam is only possible
within a confined region of parameter space and only in sce-
narios in which nuclear RE seeds are absent.

In particular, runaway suppression in our simulations is
achieved only when two process-level conditions are simulta-
neously satisfied: (i) the pre-TQ duration must be long enough
for the hot-tail seed to thermalize, and (ii) a sufficient assim-
ilation of NH,assim ≳ 3× 1023 atoms must be achieved while
limiting the neon inventory to NNe,assim ≲ 1022 atoms, so that
the electron density is increased without triggering a prema-
ture radiative collapse and without excessively increasing the
number of target thermal electrons for avalanche multiplica-
tion. The extent to which conditions (i) and (ii) must be ful-
filled is then set by the effective seed entering the CQ, leading
to the condition (iii) the representative seed current must be
sufficiently small, ideally comparable to the current carried by
a single relativistic electron in ITER, implying no meaning-
ful seed for avalanche multiplication. Although conditions (i)
and (ii) are not fully independent and their correlation depends
on the injection scheme, framing (iii) as an outcome-level
requirement makes explicit that measures improving one of
(i)–(ii) do not necessarily improve overall performance if they
simultaneously deteriorate the other. Injection schemes that
satisfy (i) and (ii) well enough to reach condition (iii) con-
sistently achieve full RE suppression in our simulations when
nuclear seeds are neglected.

The clearest examples are the L-mode H26 staggered injec-
tion cases (St1–St3) and the low-neon single-injection case
S3. In contrast, scenarios that violate any one of the above
thresholds tend to developmulti-megaampere runaway beams.
For example, neon-rich single-pellet injections or simultane-
ous multi-pellet injections that lead to a short pre-TQ phase (or
assimilate too much neon) invariably lead to substantial post-
disruption RE current. A notable exception is the DTHmode24
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Figure 3. Correlations between the representative runaway current, I reprRE , and key quantities in the baseline SPI simulations for the L-mode
H26 scenario. Panel (a) shows I reprRE versus the number of assimilated protium atoms, NH,assim, while panel (b) shows I reprRE versus the
number of assimilated neon atoms, NNe,assim. Panel (c) presents I

repr
RE as a function of the representative runaway seed current, I reprseed , and panel

(d) shows it versus the pre-TQ duration tpre-TQ. Each point represents a simulation and colours distinguishing injection schemes are
indicated in the top legend.

multiple-injection cases without nuclear RE seeds: M7 and
M8 suppress REs despite a short pre-TQ phase (tpre-TQ ∼
1ms). After the transport event, the plasma remains suffi-
ciently hot that the electric field stays sub-critical (E< Ec).
The subsequent pellet ablation therefore occurs in a still hot
background and efficiently thermalizes the hot-tail seed before
the final cooling stage, when T≃ 20eV and E can transiently
exceed Ec.

3.1.1. Correlations among the explored parameters.
Figures 3 and 4 show correlations between the representa-
tive runaway current, IRE, and key figures of merit in the
15 MA scenarios: the assimilated material content, the pre-
TQ duration, and the seed current size. The correlation anal-
ysis confirms the finding from [29] that the final runaway
current depends on the generated runaway seed, shown in
panel (c) of both figures, but the dependence is weak: across
the explored cases, Irepr.RE varies only by an order-unity fac-
tor, while Irepr.seed spans ∼ 10 orders of magnitude. Nevertheless,
since the achievable suppression of avalanchemultiplication is
bounded by the recombination limit of the assimilated mate-
rial, successful RE mitigation still requires suppressing the
seed to extremely low levels. Consequently, cases which min-
imize the seed are the most successful in preventing runaway
formation. In the H26 scenario of figure 3, this is achieved
by all staggered injection schemes as well as the S3 single
injection case, while in the DTHmode24 scenario no injection
scheme suppresses the runaway current to below 2MA. When
activated seeds are neglected in the DTHmode24 scenario—
shown in figure 5—all multiple pellet injection cases suppress
the runaways, as do the S15 single injection and St5 staggered
injection cases.

Single pellet injections generally result in significant post-
disruption runaway currents. The reason for this is that the

presence of neon in the pellet yields a short pre-TQ and a
large runaway seed. The one exception is the H26 case S3,
in which a number of favourable conditions interact to pro-
duce negligible runaway seed and representative runaway cur-
rents. In this case, a single pellet with a low neon concen-
tration (2.8%) is injected and ablates, depositing a significant
amount of hydrogen before sufficient neon has been deposited
to trigger a radiative collapse. As a consequence, the pre-TQ is
extended beyond 4ms, which is approximately the time it takes
for the pellet to reach the plasma core, giving ample time for
most hot electrons to thermalize. In all simulations considered
in this study, this condition on the pre-TQ time seems to be a
necessary but not sufficient condition for all cases which suc-
cessfully suppress REs. The subsequent TQ is set to last for
3ms, the longer of the two TQ durations considered among
all cases, and thus provides sufficient time for any remain-
ing seed REs to be expelled from the plasma before the CQ
commences.

In the H26 L-mode scenario, simulations do not show an
unambiguous overall advantage of multiple injections over
single injections when considering I repr.RE alone. A clearer trend
emerges when considering the assimilated deuterium content:
at fixed ND,assim (figure 3(a)), multiple-injection cases tend
to yield somewhat larger IRE than single injections. Since
this comparison is made at fixed ND,assim, the difference can-
not be attributed to a larger final assimilated particle con-
tent. Consistently, identifying the corresponding points in
figure 3(b) indicates that, for similar ND,assim, NNe,assim is gen-
erally higher in the single-injection cases than in the multiple-
injection cases. A plausible interpretation is that multiple
injections may lead to a larger initial assimilation early in the
pre-TQ phase, accelerating the radiative collapse and shorten-
ing the pre-TQ, which limits subsequent ablation/assimilation
and degrades the RE mitigation performance compared to sin-
gle injections with comparable ND,assim.
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Figure 4. Correlations between the representative final runaway-electron current, I reprRE , and key quantities in the baseline SPI simulations
for H-mode DTHmode24 plasmas. Panel (a) shows I reprRE versus the number of assimilated protium atoms, NH,assim, panel (b) shows I reprRE
versus the number of assimilated neon atoms, NNe,assim. Panels (c), (d) present I

repr
RE as a function of the representative seed current,

I reprseed and the pre-TQ duration tpre-TQ respectively. Each point represents a simulation and colours distinguishing injection schemes are
indicated in the top legend.

Figure 5. Correlations between the representative final runaway-electron current, I reprRE , and key quantities in the baseline SPI simulations
for H-mode DTHmode24 plasmas without nuclear seeds are shown. Panel (a) shows I reprRE versus the number of assimilated protium atoms,
NH,assim, panel (b) shows I reprRE versus the number of assimilated neon atoms, NNe,assim. Panels (c), (d) present I

repr
RE as a function of the

representative seed current, I reprseed and the pre-TQ duration tpre-TQ respectively. Each point represents a simulation and colours distinguishing
injection schemes are indicated in the top legend.

Conversely, in the DTHmode24 scenario the plasmoid drift
is significantly stronger, enhancing the outward drift of the
ablated material. This tends to reduce the assimilation effi-
ciency. Nevertheless, because multiple injections supply a
larger total inventory available for ablation, they still typically
reach higher final assimilated hydrogen content than single

injections (figure 4(a)), which contributes to their improved
mitigation performance, since the hydrogen recombination
limit is not yet reached in these cases.

As noted already for single injection cases, the condition
that the pre-TQ time is longer than the time it takes for the
pellet to reach the plasma core must be satisfied for successful

10



Nucl. Fusion 66 (2026) 106048 L. Votta et al

runaway suppression to be achieved. This is however not a
sufficient condition, as a comparison between figures 4(c)
and 5(c) reveal. The main difference between these two figures
is that in the former runaway generation via the Compton scat-
tering and tritium decay mechanisms are accounted for, while
they are neglected in the latter figure. When activated runaway
sources are accounted for, the seed runaway current cannot
be reduced sufficiently to suppress the runaway beam, even
though the pre-TQ is long in these cases.

Staggered injections generally perform well, although they
are not always the best performing cases. In the H26 L-mode
scenario, the three staggered cases considered achieve by far
the lowest runaway seed currents, which therefore lead to neg-
ligible runaway currents. This consistent success in runaway
suppression is due to the long pre-TQ achieved by separating
the injection of protium and neon in time, and enabled by the
weak plasmoid drift in the relatively cold L-mode plasma. In
contrast, in the DTHmode24 H-mode scenario, almost all of
the protium in the first injection drifts out of the plasma, mak-
ing the performance of the staggered scheme comparable to
that of the single injection cases.

Successful mitigation across all simulations is strongly sce-
nario dependent and can be summarized as follows. First, as
shown in panel (a) of figures 3–5, the final runaway current
scales inversely with the number of assimilated protium atoms.
Thus, a high degree of assimilation of the pellet material must
be achieved. Second, the pre-TQ must be extended for long
enough that hot electrons can thermalize before the TQ is
triggered. In the H26 L-mode scenario, this is best achieved
by a staggered injection which reduces the plasma temper-
ature with a first protium pellet, and then triggers the TQ
with a second delayed neon pellet. In the DTHmode24 H-
mode scenario, these conditions are best achieved by inject-
ing multiple mixed protium-neon pellets. Due to the strong
plasmoid drift of pure protium pellets, the mixture with neon
ensures that the material is deposited within the plasma, and
the multiple pellets raises the total number of atoms which
are assimilated. Notably, a key difference between the H26 L-
mode and DTHmode24 H-mode scenarios is that, with our
(late) TQ onset criterion, the H-mode cases typically require
a longer time to reach the TQ. This extended pre-TQ dura-
tion allows pellet fragments to penetrate to inner radii and
deposit material deeper in the plasma before the TQ. We note
however that it is only when nuclear runaway seed sources
are disabled that runaway suppression can be achieved in
DTHmode24.

3.1.2. Effect of RE scrape-off. An important finding from
the updated parameter scan is the role of runaway scrape-off
losses caused by a VDE. Within the reduced model described
in section 2.3, we observe that in certain cases, especially
those with near full runaway suppression, the inclusion of this
loss model makes the difference between a small residual run-
away current and the formation of a large runaway beam. For
instance, in the L-mode H26 case S3 (single pellet injection,
2.8% Ne) discussed in section 3.1.1, the influence of the RE
scrape-off model is dramatic. As already noted for this case,

Figure 6. Evolution of the plasma current in the L-mode H26 case
S3 with (black curves) and without (red curves) the RE scrape-off
losses. Dotted lines show the evolution of the runaway currents,
while solid lines represent the total plasma current, calculated as the
sum of the ohmic and the runaway current.

the low neon content of the pellet results in significant pro-
tium assimilation, a long pre-TQ, and consequently a small
runaway seed before the TQ onset.

The small runaway seed population is then lost via radial
diffusion during the relatively long transport event of the
TQ. By the end of the TQ, only a negligible seed current
survives. The subsequent avalanche multiplication is far too
small to amplify this seed into a macroscopic current, as the
plasma vertical motion and scrape-off of flux surfaces severely
reduces the poloidal flux change within the confined volume.

To isolate the effect of the scrape-off model, direct compar-
isons of simulations with and without the scrape-off loss term
are performed for cases near the RE suppression threshold,
as shown in figure 6. In the example above, both the scrape-
off and no-scrape-off simulations are initialized with nearly
identical pre-TQ conditions and RE seed. However, in the no-
scrape-off case theminuscule pre-TQ seed remains confined to
the core and is accelerated by the post-TQ electric field, grow-
ing into a multi-MA runaway beam. In contrast, in the case
with the scrape-off model the plasma gradually shrinks as the
CQ evolves, therefore limiting the total avalanche gain that is
achieved by reducing the available poloidal flux variation on
each surface by the time the surface became open. A similar
behaviour to the S3 case is seen in several of the cases with
complete runaway suppression. The scrape-off model limits
the avalanche gain in cases with small runaway seeds. In cases
with large runaway seeds, the scrape-off model is not as effec-
tive since a significant runaway current can then form before
all flux surfaces are completely scraped off.

3.1.3. Effect of plasmoid drift. The ablation cloud drift to
the low-field side proves to be another critical factor that can
undermine disruption mitigation. In general, we find that plas-
moid drifts have a noticeable impact on the deposition pro-
files primarily for hydrogen-rich injections (especially pure
D), whereas for neon-doped pellets the effect is relatively
minor [38]. A pureD2 pellet ablates into a hot (Te ∼ 10–50eV)
plasmoid with high internal pressure and minimal radiative
cooling, which experiences a strong outward E×B force and
can travel a significant distance towards the low field side
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Figure 7. Electron density profiles immediately before the thermal-quench onset in six cases. Solid curves show simulations with plasmoid
drift, while dashed curves those which do not include the drift model. In the low-temperature L-mode plasmas H26 (panels (a)–(c)) the drift
broadens the profile only slightly except in case (b), but in the hotter H-mode plasmas DTHmode24 (panels (d)–(f )) it drives a pronounced
outward redistribution that lowers the core density by 10%–30%. Since the pre-TQ densities set the collisional damping available to
suppress the hot-tail seed, this influences the final RE current. The staggered L-mode case St3 retains a peaked, high-density core and
achieves near-complete RE suppression, whereas its H-mode counterpart St6 suffers a hollow profile which, combined with the presence of
nuclear seeds, leads to a multi-megaampere RE beam.

before assimilating. In contrast, a neon-containing pellet pro-
duces a much cooler ablation cloud (Te ≈5eV or less) because
neon line radiation efficiently dissipates the plasmoid thermal
energy, decreasing the pressure. The cooler, pressure-reduced
plasmoid drifts more slowly and deposits its content closer to
the original flux surface of ablation. In essence, the neon in
the pellet ‘anchors’ the material locally via radiative cooling,
whereas hydrogenic fragments without impurities can rocket
outward across flux surfaces.

In these simulations, the plasmoid temperature is pre-
scribed to 30eV for pure hydrogenic pellets and 5eV for Ne-
doped pellets. This parameter directly affects the total drift dis-
tance of the ablated material. We note that the characteristic
plasmoid temperature is expected to be only weakly depen-
dent on the background plasma temperature: to leading order,
both the heat flux into the plasmoid and the ablation rate scale
similarly with the upstream plasma conditions, so the effec-
tive energy balance that sets the plasmoid temperature varies
little across the scenarios considered. It is therefore reason-
able to use the same prescribed plasmoid temperatures in all
scenarios, and the chosen values are consistent with typical
measurements and modelling on smaller devices [38].

The influence of plasmoid drift on material assimilation
was quantified by performing paired simulations of each injec-
tion scheme, with the drift model alternately enabled (‘drift
on’) and disabled (‘drift off’). Figure 7 shows the resulting
electron density ne(r) at TQ onset for six representative cases:
S2, M2, and St3 in the L-mode H26 scenario, and S12, M6,
and St6 in the H-mode DTHmode24 scenario. In both scenar-
ios the injected pellets contain at least a small neon fraction,

except for the first stage in the staggered (St) cases, where the
first injection consists only of protium.

The most significant deviations between the drift- and no-
drift cases are seen in the DTHmode24, figures 7(d)–(f ),
where less material reaches the plasma core in the presence
of drifts. In contrast, except for the case M2, the H26 scenario
is only slightly affected by the plasmoid drifts. The stronger
impact of drifts in DTHmode24 is not due to a different plas-
moid temperature (which is assumed to be the same across sce-
narios), but rather to the fact that the hotter background plasma
causes the pellets to ablate more peripherally. As a result, the
material ablates closer to the edge, so that a given plasmoid
drift displaces a larger fraction of the ablated material toward
the low-field side and out of the confined region, reducing core
penetration. Consequently, although the total material assimi-
lation does not change significantly with and without the drifts
in DTHmode24 (S12 and M6), the deposition location does.
In both S12 and M6 more material is deposited near the edge
because of the drifts, and very little if any material reaches the
plasma core. Because of this, the temperature reduces faster
in the outer parts of the plasma and triggers the TQ sooner
when drifts are present. This in turn produces a larger hot-tail
seed and representative RE current, since the faster edge cool-
ing drives a more rapid global TQ while a substantial fraction
of the core can still be hot and weakly collisional, i.e. before
the injected material is fully homogenized by transport and
increases the collisional drag in the core.

The DTHmode24 staggered injection case St6 similarly
sees poor core penetration of material in the presence of drifts,
but also has lower material assimilation overall. The reason
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Figure 8. Representative runaway electron current I reprre (in MA) as a function of the neon fraction fNe in the neon-containing pellet(s)
(expressed as % of total injected mass), for two ITER scenarios: (a) L-mode hydrogen plasmas and (b) H-mode deuterium-tritium plasmas.
Different injection strategies are compared: single injection (black circles) S8 and S12, multiple injections (red squares) M2 and M6, and
staggered injection (green triangles) St3 and St6. Decreasing the injected neon content consistently reduces the representative runaway
current in all the non-nuclear cases.

for this is that the first pure D2 pellet which is injected barely
deposits any material inside the plasma, due to the significant
plasmoid drifts, effectively rendering St6 a single injection
case with a large Ne payload. Once the Ne pellet enters the
plasma and starts depositing material, the TQ is quickly trig-
gered and a significant hot-tail seed is generated.

Of the H26 cases in figures 7(a)–(c), only M2 is signifi-
cantly affected by the plasmoid drifts. In this case, the plas-
moid drift causes material to accumulate in the outer parts
of the plasma and triggers the TQ much earlier than in the
case without drifts. The resultingmaterial assimilation is much
lower than without the drifts, and the short pre-TQ yields a
large hot-tail seed. The other H26 cases see a negligible effect
from the plasmoid drift. This reflects that M2 is a borderline
case: a comparatively small drift-driven shift in the deposition
towards the edge is sufficient to trigger the TQ substantially
earlier, and once the TQ begins the remaining ablation (and
hence further assimilation) is strongly reduced. Consequently,
an order-unity change in the TQ onset time translates into a
large change in the final assimilated inventory, and the shorter
pre-TQ yields a larger hot-tail seed.

3.2. Low neon injection cases

The experimental observation that pure protium SPI into
strongly seeded plasmas can achieve longer pre-TQ durations
and reduced radiation asymmetries, leading to enhanced RE
avoidance, presents a novel pathway for thermal load miti-
gation during disruptions [70]. This suggests that investigat-
ing the efficacy of low neon injection, either as a compo-
nent of the SPI pellet or through pre-existing plasma seed-
ing, could be crucial for ITER, where the balance between
effective energy radiation and the minimization of RE genera-
tion is essential. To quantify the role of radiative losses during
the CQ, some DTHmode24 and H26 reference simulations are
repeated with progressively lower neon contents in the doped
pellet, while keeping the total number of atoms per pellet fixed
at 1.85× 1024. Specifically, simulations were carried out for
neon fractions of fNe = 1.0%, 0.3%, and 0.1%.

Importantly, in our 1D simulations, where we do not
account for the presence of intrinsic impurities in ITER plas-
mas, reduced neon radiative power tends to promote incom-
plete TQs. An incomplete TQ is here considered as a case
in which a significant portion of the plasma is ohmically
reheated to hundreds of eV after the initial TQ, leading to an
unacceptably long CQ. To suppress the unphysical post-TQ
reheating that can arise through unrealistically steep current-
density gradients, the adaptive–hyperresistivity model dis-
cussed in section 2.4, was activated in all simulations. The
model successfully suppressed current spikes for every case
with fNe⩾0.3% (apart from St3); at fNe = 0.1% substantial
reheating cannot be suppressed in S7, S8, S12, St3, and St6,
because of the low Ne assimilation, and the consequent low
radiation energy losses. The most demanding configuration
was the early-onset S6 case (non-nuclear H26), where reheat-
ing could not be prevented at any reduced-neon level.

As shown in figure 8, lowering the neon fraction in the
injected pellet systematically reduces the representative run-
away current in L-mode H26 plasmas. Physically, a reduced
Ne content limits line radiation, thereby extending the pre–TQ
and allowing the suprathermal electron tail to re-thermalize.
The resulting hot-tail seed is suppressed as the hot-tail yield
is exponentially sensitive to the TQ timescale. Additionally,
reducing fNe increases the post disruption temperature, con-
sequently reducing the induced parallel electric field. For a
fixed total number of injected atoms, a lower Ne fraction also
favours protium-driven densification, since the Ne tends to
cool the plasma more and reduce the overall assimilation. This
in turn tends to raise Ec and decrease E∥/Ec, further reducing
avalanche growth.

Although this trend should in principle hold also for H-
mode nuclear plasmas, we do not observe a uniform decrease
of IRE across all investigated cases. There are two main rea-
sons: first, reducing the neon content lowers radiative cool-
ing during the ablation/deposition phase, so the background
plasma remains hotter andmaterial tends to start ablatingmore
peripherally. This enhances an edge localized drift which in
turn reduces core assimilation and limits the pre-TQ density
rise; consequently, the benefit of a longer pre-TQ is partly
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offset. Note that in our semi-analytical plasmoid-drift model,
the drift drive is not made composition-dependent, so varying
fNe does not directly strengthen the drift. Second, and more
importantly, even when the hot-tail seed is mitigated, DT oper-
ation is dominated by an intrinsic Compton scattering run-
away source driven by intense γ-ray fluxes during the dis-
ruption. This Compton seed is only weakly affected by varia-
tions in the Ne fraction and, for ITER-relevant DT conditions,
it is sufficiently strong to produce a multi-megaampere run-
away beam through avalanche multiplication. Consequently,
in DT H-mode scenarios the advantage of low fNe is limited
by the large Compton-generated seed, so that reducing the
neon fraction alone is insufficient to suppress the runaway
current.

3.3. Effect of hyper-resistivity during TQ

Previous studies [50, 65] have shown that the TQ induces a
rapid relaxation of the plasma current profile, often accompa-
nied by a transient spike in total plasma current. Boozer [65]
has pointed out that the abrupt drop in internal inductance and
the observed TQ current spike imply a near-complete destruc-
tion of magnetic flux surfaces, allowing the current-density
profile to flatten on sub-millisecond timescales. This fast
reconnection process far outpaces classical resistive diffusion,
underlining the importance of turbulent magnetic stochasticity
in the TQ. Recent Jorek simulations by Nardon et al [50] con-
firm this picture: as the 2/1 tearing mode grows and field lines
become stochastic, the toroidal current jϕ redistributes into a
broad, flattened profile within ∼1ms.

To model these effects in a 1D disruption simulation frame-
work, such as Dream, we include a hyper-resistive term in
Faraday’s law [71]

∂ψp

∂t
=−R+µ0

∂

∂ψt

(
ψtΛm

∂

∂ψt

jtot
B

)
︸ ︷︷ ︸

hyper-diffusion

, (7)

where R≡ 2π⟨E·B⟩/⟨B·∇φ⟩ is the resistive (inductive)
drive, equal to the local loop voltage when the second term
vanishes, and φ is the toroidal angle. The toroidal magnetic
flux ψt is used as radial coordinate and Λm is the magnetic
helicity transport coefficient, sometimes referred to as the
hyper-resistivity. Simulations without this term are unable to
produce the observed current density profile flattening or cur-
rent spike, when using Spitzer resistivity alone. The added
hyper-resistivity Λm serves as a magnetic helicity transport
coefficient that mimics the MHD reconnection taking place
in the real plasma. Specifically, as shown in equation (7),
the hyper-resistive contribution appears as a radial hyper-
diffusion operator acting on jtot/B. This term effectively redis-
tributes toroidal current density across flux surfaces on a rapid
timescale.

Boozer [65] also derived a heuristic connection betweenΛm

and the underlying field-line chaos, given in equation (6), find-
ing that Λm ∝∆r2s/Nt with ∆rs denoting the radial width of
the stochastic region, and Nt the number of toroidal transits

a field line needs to wander across that region. As discussed
in section 2, this relationship is analogous to the Rechester–
Rosenbluth model for turbulent heat conduction and implies
that a higher level of magnetic perturbation corresponds to a
larger effective hyper-resistivity. In practice, this guides the
choice of Λm in our 1D simulations. By calibrating Λm to a
value consistent with fast current-profile relaxation (e.g.Λm ≈
6.3× 10−1Wb2ms−1, as in [33]), assuming a current spike
equal to∼ 2.5% of the initial plasma current Ip, across the sim-
ulated cases.

A subtlety arises when combining the hyper-resistivemodel
with RE kinetics. In the mean-field formulation of [65, 72], the
total parallel electric field contains both a resistive and a hyper-
resistive contribution, E∥ = Eres +Ehyp. A direct evaluation of
runaway generation rates at the total field E∥ is however prob-
lematic: the hyper-resistive term can drive strong local elec-
tric fields, including sign reversals, that cause numerical insta-
bilities and, more fundamentally, the hyper-resistive contribu-
tion to the electric field is not included in the standard kinetic
equation used to evaluate runaway rates. As discussed by
Boozer [73], the hyper-resistive term should enter the kinetic
equation as a separate operator reflecting the stochastic field-
line transport, and its divergence structure ensures that it redis-
tributes, but does not create, magnetic helicity. Consequently,
an electron stochastically sampling the reconnection region
experiences no net acceleration from the hyper-resistive con-
tribution [73]. This supports the approach adopted here, in
which the runaway generation rates are evaluated using only
the resistive component of the electric field, Eres, which is the
part responsible for net energy transfer to electrons. The hyper-
resistive term is used here as a reduced-model representation
of rapid current-profile relaxation and the associated global
reduction of poloidal-flux variation, while the standard RE
source terms are evaluated using Eres. This is expected to cap-
ture the dominant hyper-resistive effect on runaway dynam-
ics and the reduction of the resistive poloidal-flux change dis-
cussed later, whereas a kinetic operator that incorporates the
hyper-resistive contribution consistently with the mean-field
treatment, in the spirit of [73], is a natural direction for further
work.

To assess the sensitivity of the representative RE cur-
rent to TQ current-profile relaxation, we repeated the DT
H-mode baseline cases while applying a spatially uniform
hyper-resistivity Λm during the transport event. This calcu-
lation should be distinguished from the adaptive CQ regu-
larization introduced in section 2.4: here, Λm is imposed as
a reduced representation of rapid TQ current-profile relax-
ation, rather than being triggered by the formation of nar-
row current-density channels. In such cases, although the seed
accumulated by the end of the TQ is essentially unchanged
relative to the Λm = 0 simulations, the representative run-
away current decreases by one order of magnitude across
all cases where the representative RE seed current remains
between 10−2 and 10−1 A as shown in figure 9. This reduction
brings the post-CQ runaway current below ∼1 MA in these
cases, which may be more manageable, although tolerability
ultimately depends on the impact characteristics and is not
assessed here.
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Figure 9. Correlation between the representative runaway electron
current Irepr.RE and the representative seed current Irepr.seed for ITER DT
H-mode (DTHmode24) scenarios, comparing cases with and
without hyper-resistivity during the transport event. Different
symbols denote the injection scheme: single-pellet injection
(circles), multiple simultaneous pellet injections (squares) and
staggered injections (triangles). Grey symbols correspond to
simulations without the hyper-resistive term (Λm = 0), while the
coloured symbols show results with a uniform hyper-resistivity
(Λm = 0.628Wb2ms−1) applied during the TQ. With the imposed
hyper-resistive transport included, the representative RE current is
reduced by roughly an order of magnitude across all the
high-assimilation cases, despite the similar seed magnitudes. This
reduction should be interpreted as the sensitivity of the 1D model to
imposed TQ current-profile relaxation. The region below I repr.RE =
1MA, indicated in green, shows the range of potentially more
manageable runaway current, provided that impact conditions are
favourable.

Figure 10. Absolute variation of the poloidal magnetic flux, ∆ψp,
during the CQ versus the toroidal magnetic flux ϕ in the DT
H-mode case M6 (ϕ = 0 at the magnetic axis, increasing towards
the edge). Including the imposed hyper-resistivity during the
transport event (red solid) reduces ∆ψp across the radius relative to
the reference without Λm (black dash-dotted), and most strongly in
the core. This reduced poloidal-flux drop limits the avalanche gain,
which is the main mechanism behind the reduced representative
runaway current in this sensitivity case.

The primary mechanism for runaway current suppression
via hyper-resistivity is the observed reduction in the poloidal-
flux variation, ∆ψp. Within the present study, although the
magnitude of this reduction is relativelymodest around 20% in
the core for the M6 scenario, as shown in figure 10, its conse-
quences for avalanche multiplication can be substantial since
the avalanche gain depends exponentially on ∆ψp [65].

We emphasize that the ratios inferred from figure 9 cor-
respond to a representative gain for the finite seed currents

present in those simulations, and therefore should not be inter-
preted as the potential avalanche multiplication (i.e. the limit
as the seed tends to zero). To estimate the impact on the poten-
tial gain, we use the scaling reported byWang et al [31], where
an increase of∆ψp ≃ 5Wb corresponds approximately to one
ten fold increase in avalanche gain. Since the imposed hyper-
resistivity reduces the central∆ψp by about 20Wb in figure 10,
the potential avalanche gain is expected to decrease by

G (Λm)
ava

G (0)
ava

∼ 10−∆ψp/(5Wb) ≈ 10−20/5 ≈ 10−4. (8)

For the finite-seed cases in figure 9, the representative gain
decreases more mildly, but the reduction in potential gain is
the more relevant metric when assessing the propensity for
avalanche multiplication from very small seeds.

3.4. Effect of runaway transport during CQ

In all the disruption simulations discussed above, the RE pop-
ulation is assumed to remain perfectly confined during the CQ.
This assumption could underestimate the RE losses during this
phase. Strong MHD activity in the CQ can lead to stochas-
tic magnetic fields, causing radial transport and loss of run-
aways. As shown in previous studies [74], sufficiently large
magnetic perturbations during the CQ can completely sup-
press avalanche multiplication in ITER-like scenarios, even
if the direct runaway scrape-off effect is neglected. Here, we
extend our model to examine how introducing a Rechester–
Rosenbluth-type diffusive transport of REs during the CQ
affects the avalanche gain and final runaway current.

The runaway loss rate due to transport in the CQ is calcu-
lated as (

∂nre
∂t

)
transp.

=− 1
V ′

∂

∂r

(
V ′Dre

∂nre
∂r

)
, (9)

where V ′ is the flux-surface volume element and the RE trans-
port coefficient Dre is calculated as in (5), employing a fixed
safety factor of q= 1. This choice provides a conservative esti-
mate of transport losses, since in reality q varies with radius
and time during the CQ. From the diffusion coefficient, the
radial loss time for a RE can be estimated as τloss = a2/(2Dre),
as the characteristic time for a RE to diffuse from the core
(radius r= 0) to the edge (r= a).

To test the sensitivity of the final runaway current to
the CQ transport, we varied the magnetic perturbation level
δB/B between 10−5and 10−3. The corresponding diffusion
coefficient thus varies from 0.6 m2 s−1 to approximately
6000 m2 s−1. In reality, the CQ perturbation is unlikely to be
spatially uniform: δB/B can vary in radius and time, and resid-
ual magnetic islands may allow localized confinement of REs.
Here, for simplicity, we neglect the possible variation of the
magnetic perturbation in time and space, as well as the possi-
ble existence of magnetic islands which could locally reduce
the transport rate [54]. Figure 11 summarizes the impact of
varying magnetic perturbation levels on the final RE current
in several of our most challenging scenarios in terms of RE
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Figure 11. Representative runaway electron current for different
magnetic perturbation levels. The investigated cases are some of the
most challenging for runaway mitigation: M4 in blue (L-mode H
multiple injections), M8 in purple (DT H-mode multiple injections),
S6 in orange (L-mode H single injection), S15 in yellow (DT
H-mode single injection). The dashed line denotes the 150 kA
current level.

mitigation. We selected four cases that, with no perturbations,
yield large runaway currents: a multiple-injection case in the
L-mode H plasma (M4), a multiple-injection case in the H-
mode DT plasma (M8), a single-pellet injection case in L-
mode H (S6), a single-pellet case in H-mode DT (S15). The
curves in figure 11 show a clear threshold behaviour in IRE as
δB/B increases. For weak perturbations (δB/B≲ 10−4, cor-
responding to Dre ≲ 60 m2 s−1), the diffusion is too small to
significantly alter the outcome: all these scenarios still pro-
duce multi-MA runaway currents. In this regime, the char-
acteristic loss time τloss is comparable with the duration of
the CQ, meaning REs are not expelled fast enough to surpass
the avalanche multiplication. However, once the perturbation
strength exceeds a critical value on the order of a few 10−4, the
final runaway current in each case begins to drop sharply. By
δB/B∼ 4× 10−4 (Dre ∼ 934m2 s−1), the RE current is sup-
pressed in all the cases studied, falling well below the 150 kA
reference level indicated by the dotted line in figure 11. In fact,
beyond this threshold, increasing δB/B further had little addi-
tional effect as the runaway current was already reduced to a
minimal level in every scenario.

To illustrate the dynamics behind this threshold, figure 12
shows time traces of the avalanche multiplication factor
Gava(t) = IRE(t)/Iseed during the CQ of the representative case
S15, under different perturbation amplitudes.

With very weak perturbations (δB/B∼ 10−5), the
avalanche proceeds essentially unaffected, in fact the gain
reaches Gava ∼ 1011 within 40ms. As δB/B is increased to 1–
3× 10−4, the avalanche growth is dramatically damped. The
peak multiplication factor is much lower, and the RE current
saturates and decays at an earlier time. This corresponds to the
regime where τloss becomes shorter than the avalanche growth
time, i.e. radial transport is fast enough to deplete runaways
as they are trying to multiply. In practical terms, this suggests
that if one can induce a strong magnetic perturbation during
the CQ (for instance external 3D fields that induce a short-
wavelength perturbation of order δB/B≳ 4× 10−4), it could

Figure 12. Time trace of the avalanche gain Gava(t) = IRE(t)/Iseed
during the CQ phase of the case S15. Six values of the magnetic
perturbation amplitude are considered, spanning δB/B= 10−5–
10−3. A weak perturbation (δB/B≲ 10−4) allows unconstrained
avalanche growth to Gava ∼ 1011 within ∼40ms, whereas stronger
perturbations progressively reduce the gain and precipitate an earlier
collapse of the runaway current.

serve as a complementary mechanism to reduce the avalanche
gain and lower the representative RE current. Such perturba-
tions, induced by for example resonant magnetic perturbation
(RMP) coils, have previously been studied extensively as
a primary runaway avoidance technique, with limited suc-
cess due to the inability of the perturbations to stochastize
the magnetic field deep in the plasma [75–77]. We note that
when combined with the VDE scrape-off effect discussed in
sections 2.3 and 3.1.2 RMPs may prove to be effective in sup-
pressing REs. In fact, when a VDE is present, enhanced RE
losses caused by externally applied 3D fields can in principle
couple back to the VDE dynamics: additional stochastic losses
reduce the RE current, and thus the poloidal flux carried by
the RE beam, which can modify the vertical force balance and
accelerate the vertical motion of the remaining current chan-
nel, further increasing RE losses. Moreover, as the vertical
motion progresses, the distance between the plasma edge and
the runaway current channel decreases, reducing the effective
penetration depth required for the perturbations to affect the
beam region and making it more plausible for the magnetic
field to become stochastic there (although plasma-response
screening may still limit the penetration).

3.5. Scenario with reduced plasma current

We now turn our attention to a non-nuclear case with a reduced
plasma current of Ip = 7.5MA, referred to in this work as
DD7.5. The primary motivation for studying a lower-Ip dis-
ruption is to assess how the RE generation dynamics and mit-
igation requirements scale with plasma current. Intuitively,
a lower pre-disruption current means that less total poloidal
flux is available to drive the avalanche multiplication, poten-
tially relaxing the requirements for runaway avoidance. On the
other hand, some mitigation strategies may be less effective at
lower current if, for example, the plasma parameters or shard
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Figure 13. Runaway electron mitigation performance in the reduced-current (Ip = 7.5MA) DD7.5 scenario. Panel (a) shows the
representative runaway electron current I reprRE as a function of the representative seed current I reprseed . Panel (b) shows the number of assimilated
neon atoms NNe,assim as a function of the number of assimilated protium atoms NH,assim. Marker shapes denote the injection strategy:
single-pellet (circles), multiple-pellet (squares), and staggered (triangles). Marker colours distinguish between long (blue, tTQ = 3ms) and
short (red, tTQ = 1ms) TQ conditions. The results demonstrate that only the combination of a staggered injection strategy (triangles) and
favourable TQ conditions (blue), which maximizes protium assimilation and minimizes the surviving seed current, leads to complete
runaway electron suppression.

penetration depths differ. Here we simulate disruption mitiga-
tion in the 7.5 MA ITER plasma using the same set of models
(including drifts, scrape-off, etc), and compare the results with
the findings at 15 MA. Notably, the nuclear seed sources are
neglected in what follows.

We investigated three pellet injection strategies for the
7.5 MA disruption mitigation. The first strategy uses a sin-
gle protium pellet doped with a large neon content (NNe =
9.5× 1022 atoms) to trigger a rapid radiative collapse. The
second strategy injects multiple pellets simultaneously (here
2 or 3 pellets), keeping the total neon inventory equal to that
of the single injection. The third strategy is a staggered injec-
tion. An initial injection of one to three nearly pure-D pellets
with only a minimal neon doping (NNe ≈ 1.85× 1021 atoms
each,∼ 0.1% neon fraction) to prolong the pre-TQ phase, fol-
lowed by a second injection of a neon-doped H pellet identical
to the single-pellet case (with 9.5× 1022 Ne atoms) . For this
analysis, we assume a late TQ onset criterion and we evaluate
each injection scheme under two distinct TQ duration condi-
tions: a favourable case with a longer TQ of tTQ = 3ms, and an
unfavourable case with a shorter TQ of tTQ = 1ms. It is worth
stressing that the present simulations do not include hyper-
resistivity during the TQ phase, nor any explicit modelling of
runaway transport during the CQ.

The results, presented in figure 13, reveal a clear hierarchy
in the effectiveness of the tested strategies. Single pellet injec-
tion and simultaneous multiple injections were unable to sup-
press runaway formation, irrespective of the TQ conditions.
The staggered injection strategy, by contrast, was able to fully
suppress runaway generation, but only in the favourable TQ
scenario (3ms TQ duration).When the same staggered scheme
was applied with an unfavourable, rapid TQ of 1ms, it also
failed to suppress the formation of a multi-MA RE beam. In
summary, complete RE suppression in the 7.5MA plasma was
achieved only within a narrow operational window: using a
staggered SPI and having a sufficiently long TQ.

The outcomes of the simulations are summarized in
figure 13. Panel (a) shows the representative RE current vs.
the representative seed current for all the cases, while panel
(b) shows the number of assimilated neon atoms vs protium
atoms. The staggered-injection cases (triangle markers) com-
bined with a long 3ms TQ (blue points) cluster near zero run-
away current, whereas all other cases end with a high RE cur-
rent. This is consistent with the finding for the 15 MA base-
line cases that multiple favourable conditions must coincide to
avoid runaways.

The success of the staggered injection cases in long TQ
disruptions stems from two physical features. The first is
the longer pre-TQ enabled by the staggered scheme, which
first dilutes the plasma with a large amount of D and allows
most of the hot electrons to thermalize. We note that since
DD7.5 is an H-mode scenario with a high temperature, it suf-
fers from the ‘H-mode penalty’ described in section 3.1.3
which causes the contents of pure protium pellets to drift
towards the low-field side. To prevent this drift, the stag-
gered injections considered here were doped with 0.1% Ne,
which is assumed to be sufficient to cool the ablation cloud
and reduce the plasmoid drift, without prematurely triggering
a radiative collapse. The second physical feature contribut-
ing to the success of the RE mitigation is the long TQ dura-
tion which gives sufficient time for the enhanced RE trans-
port to eliminate any surviving hot-tail seed electrons from the
pre-TQ.

A key conclusion emerges when comparing these 7.5 MA
results with the 15 MA scenarios. The RE current conver-
sion efficiency is markedly lower at 7.5 MA, yielding a more
favourable mitigation environment. This is evident in the tol-
erance to the seed current: as shown in figure 13, a represen-
tative seed current of up to∼ 0.4A can be robustly suppressed
at 7.5 MA, in sharp contrast to the 15 MA scenarios, where
successful mitigation required the representative seed to be
effectively zero.
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Finally, in every case of successful runaway current sup-
pression, it is important to note that scrape-off losses of REs
play a decisive role. In fact, the staggered injection cases that
are able to fully suppress runaways achieve this outcome only
because the scrape-off rate exceeds the avalanche growth rate.
This condition is facilitated by the combination of a reduced
representative seed population and a high post-injection
electron density, with the low seed playing the dominant
role.

Notably, in this scenario we adopt a comparatively large
neon content in the H/Ne pellets. This choice is partly prag-
matic: within the plasmoid-drift model, the reduced mag-
netic field of this scenario leads to a substantially larger plas-
moid displacement, which can otherwise hinder sufficiently
deep deposition and thereby prevent the radiative collapse
and subsequent transport event. In the hot-background limit,
where Alfvénic currents inside the plasmoid are negligible,
the drift distance scales approximately as ∆r∝ B−2 so that
the factor-two lower field in DD7.5 compared to the 15MA
DTHmode24 scenario implies a ∼fourfold larger drift (cf
equation (A6) in [37]). Consistent with this scaling, simu-
lations of DD7.5 with an artificial B≃ 5.3T magnetic field
(i.e. comparable to the 15MA scenarios) exhibit plasmoid
drifts similar to DTHmode24. Moreover, in this higher-B set-
ting, simulations using a substantially reduced neon frac-
tion (a factor ∼ 5 lower than the baseline DD7.5 mixture)
yield negligible representative runaway current even for a sin-
gle injection. These additional tests indicate that the appar-
ent ‘narrow’ mitigation window in the baseline 7.5MA study
is, to some extent, contingent on the assumed drift ampli-
tude; improving constraints on the scaling of ∆y in the model
with B and background parameters will be crucial for robust
predictions.

4. Discussion and conclusions

The present study provides a comprehensive overview of sim-
ulations carried out using the 1D code Dream of the RE
dynamics in a wide range of SPI-mitigated ITER disruption
scenarios, revealing a consistent picture across the parameter
scan: it could be possible to limit RE generation to acceptable
levels in both non-nuclear and nuclear scenarios in ITER, but
in a confined range of its operational parameter space. The key
findings can be summarized as:

(i) Plasmoid drifts can make SPI challenging in reactor-
grade plasmas. The outcomes of mitigation strate-
gies, particularly staggered injections, differ between L-
mode and H-mode plasmas. Within the adopted reduced
plasmoid-drift model, H-mode plasmas, such as the
DD7.5 and DTHmode24 scenarios, exhibit an H-mode
penalty. This is due to the fact that, in H-mode, pellets tend
to ablate closer to the plasma edge, so the ablation cloud is
formed at larger radii. As a result, the same plasmoid drift
displaces the material more effectively towards the low-
field side, hindering core deposition. This can lead to hol-
low density profiles, and a failure to suppress the hot-tail.

The qualitative mechanism is physically motivated, but
the quantitative strength of this effect depends on the pre-
scribed drift parameters, in particular the plasmoid half-
width∆y and the effective cloud temperature, whose scal-
ing to ITER conditions is not yet fully constrained. TheH-
mode penalty should therefore be interpreted as a model-
dependent sensitivity result rather than as a definitive pre-
diction of ITER SPI performance. In contrast, L-mode
plasmas which have lower initial thermal energy content
experience weaker internal pressure within the ablation
cloud, resulting in slower drift velocities and thus less
outward displacement of ablated material. Consequently,
staggered injections tend to perform better in L-mode
within the present drift prescription, but can fail in a hot H-
mode plasma unless additional measures are taken to sup-
press the drift, e.g. by doping the first pellet with a small
amount of neon [38]. Note, however, that experimentally
it has been found that even trace neon can enhance radia-
tive cooling and may trigger a prompt TQ, as reported for
JET trace-Ne SPI discharges [78, 79].

(ii) VDE-induced scrape-off can suppress REs in near-
mitigated scenarios. Runaway scrape-off losses associ-
ated with VDEs can play an important role in determining
whether a disruption produces a residual RE current or a
multi-MA beam. During a VDE, once the LCFS is lost
and field lines open, a significant fraction of the plasma
current is converted into halo currents. These halo cur-
rents can retain part of the poloidal flux, thereby reduc-
ing the energy available for the avalanche multiplication.
This effect reduces the effective avalanche gain and makes
seed suppression more efficient. The effectiveness of the
scrape-off effect is however strongly scenario dependent
and highly sensitive to the current-profile evolution dur-
ing the TQ. Since the VDE and corresponding opening of
flux surfaces is itself driven by the flux consumption (or
current decay) in this cold VDE limit, this effect is suc-
cessful in preventing REs only when the complete opening
of field lines precedes the generation of macroscopic RE
currents.

(iii) Compton seed can be dominant in nuclear scenarios.
Across all injection schemes, nuclear seed production, in
particular Compton electrons driven by energetic γ-rays,
can dominate the runaway source. In cases with poor mit-
igation, however, the hot-tail seed and (where relevant)
the tritium β-decay seed may be comparable to or exceed
the Compton seed. We emphasize that even when the
Compton mechanism dominates the seed, it is not neces-
sarily the dominant contributor to the final runaway cur-
rent, which is typically set by avalanche multiplication
acting on the total seed. This channel carries substantial
uncertainty because the γ-ray flux from the ITER first
wall during disruptions is not experimentally proven and
must be inferred from modelling. In the nuclear scenar-
ios considered here, we adopt the conservative assumption
that nuclear reactions promptly cease when the TQ com-
pletes, and reduce in intensity by a factor 10−4. In prac-
tice, well-confined, fusion-producing plasmas are unlikely
to be the target of mitigation, so that nuclear reactions
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may diminish even before pellet injection, thus implying
that our simulations likely overestimate the nuclear seed
sources. Nevertheless, once a macroscopic runaway cur-
rent is generated and avalanche multiplication domi-
nates, the representative runaway current depends only
weakly on the seed amplitude. Consequently, uncertain-
ties in the nuclear seed must be very large (i.e. orders
of magnitude) to produce a sizeable change in the rep-
resentative RE current. Nonetheless, when nuclear seed
sources are artificially disabled in the model, DT H-
mode cases with multiple pellets reach negligible rep-
resentative runaway current under favourable (long) TQ
conditions.

(iv) Low-Ne injections can be effective in suppressing REs
in non-nuclear plasmas. The analysis shows that reduc-
ing the neon fraction in injected pellets systematically
decreases the representative runaway current in L-mode
non-nuclear plasmas, primarily by extending the pre-TQ
phase and allowing the suprathermal electron tail to ther-
malize. This suppresses the hot-tail seed and limits the
avalanche gain by reducing the total number of bound
electrons in the plasma. However, in H-mode DT nuclear
plasmas, this benefit is offset by the dominant Compton-
driven nuclear seed, which remains largely unaffected by
fNe, consistently producing a multi-MA runaway beam
under ITER-relevant conditions with our baseline model.
As a result, while lowering fNe can effectively mitigate
runaways in L-mode scenarios, it is insufficient on its
own to suppress runaway current in DT H-mode plasmas,
where the Compton seed sets a strict floor for mitigation
performance.

(v) Current density profile relaxation during TQ can limit
avalanche gain. By including a hyper-resistive term to
mimic MHD-induced current flattening, we observed that
the avalanche gain is effectively reduced beyond what
only the VDE scrape-off model achieves. The flatter cur-
rent profile and reduced poloidal-flux variation provide
a potential reduction of the avalanche multiplication by
4 orders of magnitude in the cases considered. While
this reduction can substantially decrease the final run-
away current, it is not, by itself, sufficient to guaran-
tee RE avoidance in ITER-relevant scenarios where the
unmitigated avalanche multiplication can be extremely
large.

(vi) CQ radial transport can greatly reduce the RE cur-
rent. The assumption of perfect RE confinement inside
the LCFS during CQ likely underestimates radial losses.
StrongMHD activity can lead to stochastic magnetic fields
and enhanced radial transport of runaways. Introducing
a Rechester–Rosenbluth-type diffusive transport of REs
during the CQ shows a clear threshold behaviour in the
representative RE current. For weak magnetic perturba-
tions δB/B⩽10−4, multi-MA runaway currents develop.
However, once the perturbation strength exceeds a criti-
cal value, around a few 10−4, the final runaway current
drops to negligible levels. For δB/B≈ 4× 10−4, the RE
current was suppressed in all cases studied. This suggests
that strong magnetic perturbations (e.g. external 3D fields,

as studied in [75–77]) could be a complementary strat-
egy to reduce avalanche growth. While previous studies
of RMPs in ITER found little effect on core runaways, we
suggest that the perturbations may prove more effective
when the vertical plasma motion is also accounted for.

(vii) RE avoidance possible also in reduced-current sce-
nario. Encouragingly, simulations indicate that runaway
avoidance is achievable at lower plasma currents, which
is relevant for the early phases of operation in ITER.
In a 7.5 MA H-mode scenario, complete RE suppres-
sion was achieved with a staggered injection assuming a
long TQ. The 7.5MA case exhibits the same drift-induced
H-mode assimilation issues as the full current scenarios,
but the runaway conversion efficiency is inherently lim-
ited at reduced current because of the smaller avalanche
gain. This allows a much larger initial seed of up to ∼
10−1A to be tolerated in the simulations thanks to the
VDE scrape-off mechanism. In practice, mitigation in the
7.5 MA plasma was achieved by doping the first protium
pellet with a small (0.1%) amount of neon, which enhances
radiation and slows the plasmoid drift, thereby improving
assimilation while still maintaining an extended pre-TQ
phase. As a result, even with realistic seeds, the runaways
were dissipated and the total RE current remained below
concerning levels.

Building on these insights, figure 14 illustrates a rep-
resentative two-stage SPI disruption mitigation scheme in
full-current ITER H-mode DT plasmas within the adopted
reduced-model framework. In this case, the first injection
is composed of three protium pellets with a small admix-
ture of neon. The protium payload is chosen to raise ne and
mainly to thermalize RE seeds and also reduce the avalanche
gain, while avoiding excessive fuelling that would trigger
recombination and ultimately reduce ne. A minimal 0.1%
neon fraction is assumed to be sufficient to cool the abla-
tion cloud and limit its drift, thereby improving penetration
and core deposition. This small impurity content does not
produce sufficient radiative cooling to trigger a premature
TQ, ensuring that material assimilation is not interrupted too
early.

A Ne-rich pellet (fNe = 5%) follows in the second stage
in order to induce a TQ in 8.4ms once the plasma is already
diluted and cooled by the first stage, consequently suppress-
ing the hot-tail generation efficiently. In this case, a sub-
stantial amount of protium is assimilated while only a mod-
est neon quantity assimilates. This mitigation scheme pro-
duces a representative runaway seed of 15mA in the sim-
ulation, corresponding to a favourable DT H-mode case in
which hot-tail generation is strongly reduced and the seed pop-
ulation is instead dominated by Compton scattering. Within
the adopted reduced-model framework, this simulation illus-
trates a possible pathway to substantially reduce the RE beam
even in the presence of nuclear seeds. In this scenario, even
though the RE seed is large compared to non-nuclear cases, the
representative RE current is reduced to 0.24MA. This value
remains above the illustrative 150 kA reference level, but is
substantially below the multi-megaampere currents obtained
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Figure 14. Two–stage SPI strategy for ITER that maximizes assimilation while minimizing runaway retention. Stage 1 uses an almost pure
D pellet with a minimal Ne doping (∼ 0.1%) which is assumed sufficient to suppress the plasmoid drifts, improving core deposition without
triggering a premature TQ (thus avoiding an early cut-off of assimilation). Stage 2 follows after 5 ms with a Ne-rich pellet (fNe ≈ 5%) to
induce a controlled radiative TQ after the plasma has been diluted and cooled, suppressing hot-tail production and limiting avalanche
growth. Panels show: (a) spatio-temporal evolution of the electron temperature Tcold(r, t) prior to the TQ; (b) corresponding electron density
ncold(r, t); (c) time traces of total plasma current, ohmic current, and runaway current from injection to termination; (d) logarithm of the
runaway current density jre(r, t) during the CQ, highlighting near-edge depletion consistent with scrape-off losses.

in less favourable DT cases. Its actual tolerability would
depend on the impact and termination characteristics, which
are not modelled here.

The reduction of the final RE current in this case results
from the combined effect of imposed hyper-resistive dif-
fusion during the TQ and VDE-induced scrape-off losses
during the CQ. The former broadens the post-TQ cur-
rent profile and reduces the poloidal-flux variation avail-
able for avalanche multiplication, while the latter removes
REs from flux surfaces that become open during the ver-
tical motion. This synergy allows the modelled scenario to
accommodate a larger runaway seed than in the non-nuclear
cases without producing a multi-megaampere runaway beam.
However, this outcome relies on reduced-model assump-
tions regarding the degree of TQ current-profile relaxation,
the VDE evolution, and the post-TQ confinement of REs,
none of which can be prescribed or controlled a priori in
ITER.

At the same time, the broader set of simulations indicates
that robust RE avoidance in ITER remains challenging and
appears attainable only within a restricted region of mod-
elled parameter space, involving sufficiently small seed for-
mation, strong assimilation, favourable current-profile evo-
lution, and/or enhanced RE losses during the CQ. In this
sense, the present results should be viewed as identifying
favourable reduced-model scenarios and possible mitigation
pathways, rather than as firm predictions of ITER disruption
performance.
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Appendix. Summary of simulation parameters

This appendix provides lists of the main parameters for
the simulations conducted in this paper. Table A1 provides
the magnetic perturbation strength δB/B of the TQ used in
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Table A1. Magnetic perturbation amplitude δB/B calculated to give TQ times of 1 or 3 ms, for the three scenarios studied in this document.

Scenario tTQ (ms) δB/B (%)

H26 1 0.359
H26 3 0.207
DTHmode24 1 0.320
DTHmode24 3 0.185
DD7.5 1 0.333
DD7.5 3 0.192

Table A2. Overview of all simulated baseline scenarios, including main (S), multi-pellet (M), and staggered (St) cases with corresponding
TQ timing, neon content, and pellet number. For the staggered cases, the pellet number refers to the number of pure hydrogenic pellets
injected during the initial injection. The total number of pellet shards is fixed at the default value of 487 fragments, except for cases S9 and
S10, where it is set to 68 and 5185 fragments, respectively. The corresponding hydrogenic atoms per pellet can be calculated as 185× 1022

atoms minus the corresponding Ne atoms per pellet.

No Target plasma tTQ TQ onset Pellets Ne atoms per pellet [1022]

S1 H26 3ms Late 1 183
S2 H26 3ms Late 1 20
S3 H26 3ms Late 1 5.22
S4 H26 1ms Early 1 Same as S1
S5 H26 1ms Early 1 Same as S2
S6 H26 1ms Early 1 Same as S3
S7 H26 1ms Late 1 Same as S1
S8 H26 3ms Early 1 Same as S1
S9 H26 3ms Late 1 Same as S2
S10 H26 3ms Late 1 Same as S2
S11 DTHmode24 3ms Late 1 150
S12 DTHmode24 3ms Late 1 2.5
S13 DTHmode24 3ms Late 1 5.22
S14 DTHmode24 1ms Early 1 Same as S11
S15 DTHmode24 1ms Early 1 Same as S12
S16 DTHmode24 1ms Early 1 Same as S12
M1 H26 3ms Late 2 1/2 of S2
M2 H26 3ms Late 3 1/3 of S2
M3 H26 1ms Early 2 1/2 of S2
M4 H26 1ms Early 3 1/3 of S2
M5 DTHmode24 3ms Late 2 1/2 of S12
M6 DTHmode24 3ms Late 3 1/3 of S12
M7 DTHmode24 1ms Early 2 1/2 of S12
M8 DTHmode24 1ms Early 3 1/3 of S12
St1 H26 3ms Late 1 Same as S2
St2 H26 3ms Late 2 Same as S2
St3 H26 3ms Late 3 Same as S2
St4 DTHmode24 3ms Late 1 Same as S12
St5 DTHmode24 3ms Late 2 Same as S12
St6 DTHmode24 3ms Late 3 Same as S12

the three different ITER scenarios, at the two different TQ
durations used. As described in section 2.1, the magnetic
perturbation is set as to ensure that the temperature drops
below 200eV during the TQ.

Table A2 lists the main parameters used in the baseline SPI
cases studied. These parameters are identical to those used for
the same cases in [29].
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