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Abstract
Runaway electron (RE) loads onto material structures are a major concern for future large
tokamaks due to the efficient avalanching at high plasma currents. Here, we perform predictive
numerical studies using the JOREK code for a plausible plasma configuration in the European
DEMO fusion power plant, focusing in this paper on the scenario where the highest
multi-ampere RE beam is formed. The work first comprises axisymmetric predictions of RE
beam formation in a mitigated scenario and of the simultaneous vertical motion of the beam due
to loss of position control. The subsequent RE beam termination triggered by a burst of
magnetohydrodynamic (MHD) activity during the course of the vertical motion is then
simulated in 3D with the RE fluid self-consistently coupled to the MHD modes. Finally, the
resulting deposition pattern of the REs onto wall structures is calculated with a relativistic test
particle approach. This way, the suitability of a possible sacrificial limiter concept for the
protection of first wall components is assessed.

Keywords: runaway electrons, VDE, mitigated VDE, MHD instabilities, thermal quench,
current quench, European DEMO
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1. Introduction

Disruptions [1, 2] are major instabilities that can occur in toka-
mak plasmas terminating the discharge and threatening the
integrity of the machine. Since disruptions cause excessive
thermal loads onto the plasma-facing components and elec-
tromagnetic (EM) forces on the surrounding conductors, their
physics must be studied and understood in order to safely
operate ITER and other future tokamak devices. Disruptions
that follow a vertical displacement of the plasma column from
its equilibrium state are known as (hot) vertical displacement
events (VDE) [3, 4]. In their presence, the plasma moves
towards the wall and part of its current flows into the first wall
(halo currents), leading to large Laplace forces on the vacuum
vessel (VV) and on the in-vessel components. In addition, the
reduction of the plasma cross section causes the decrease of
q95. Destabilised 3D magnetohydrodynamic (MHD) instabil-
ities (due to low q95) can then cause local heat loads together
with toroidal asymmetric halo currents. Of particular concern
is the possibility that the rotation frequency of the latter and of
their associated EM forces, may resonate with the natural fre-
quencies of the vessel. Major disruptions in which the plasma
first loses its thermal confinement, before the vertical instabil-
ity sets in behave differently in the details, but may cause unac-
ceptable levels of EM and heat loads as well. For this reason,
unmitigated disruptions of any kind will need to be avoided or
mitigated in large tokamak devices.

A promising mitigation technique to reduce heat loads and
EM forces on the wall is the injection of large quantities of
hydrogen/deuterium and impurities when an upcoming dis-
ruption is predicted. Impurity injection dissipates most of the
thermal energy of the plasma on a millisecond timescale dur-
ing the thermal quench (TQ) and reduces the total vertical
force Fz of the plasma on the wall [5]. At the end of the TQ, the
plasma cools down to temperatures ∼ 10 eV and the plasma
resistivity η increases by several orders of magnitude, lead-
ing to the decay of the plasma current on a resistive timescale
during the current quench (CQ) and to the dissipation of the
magnetic energy, which terminates the discharge. However,
the appearance of strong self-induced toroidal electric fields
during the CQ can accelerate electrons to relativistic velocit-
ies. This population of electrons, known as runaway electrons
(REs) [6, 7], can form a beam in large fusion machines, carry-
ing a large fraction of the pre-CQ plasma current. Uncontrolled
losses of REs to the plasma-facing components can then cause
substantial damage and significant melting [8].

In view of the construction of the first ‘European
DEMOnstration Fusion Power Plant’ (EU-DEMO or simply
DEMO) [9–11], methods to avoid, control and suppress RE
losses need to be investigated. In addition, as proposed in
[12], ‘sacrificial’ wall limiters are planned to be implemen-
ted. These are discrete plasma-facing components that aim to
absorb most of the load to protect the first wall (FW) of the
machine in the event of a catastrophic failure.

The numerical studies carried out here aim to test whether
upper limiters (ULs) are capable of protecting the wall from

the heat loads of formed RE beams during an upward mitig-
ated hot VDE. To address this question, we use the 3D non-
linear MHD code JOREK [13]. Our aim is to establish the
workflow involved in the formation, vertical movement and
termination of the RE beam. This paper focuses specifically
on understanding the termination of the primary RE beam and
does not address the potential damage caused by subsequently
reformed RE beams, reserving this topic for future research.
The primary objective here is to investigate how the loading
of the FW by the primary RE beam is affected by the presence
of ULs, which represent one of the potential FW protection
strategies. We approach this by performing numerical simu-
lations to estimate the RE heat loads on the machine’s FW
and to investigate how these loads are modified by the inclu-
sion of ULs. Future studies should extend these simulations
to consider the combined effects of different FW protection
strategies working in tandem. Strategies to be implemented by
the EU-DEMO central team.

We first study upward mitigated VDEs in axisymmetric
(2D) simulations, similar to what was done in [5]. There,
numerical studies were validated against ASDEXUpgrade and
JET experimental data, and predictions for an ITER scenario
were presented. However, here we also take into account the
presence of the REs and their back-reaction on the background
plasma [14]. This is done by considering the coupling of the
MHD plasma equations with the RE fluid model implemen-
ted in JOREK that treats the REs as a separate fluid species.
After observing the RE beam formation, we switch to 3D sim-
ulations to study the RE beam termination. Finally, in post-
processing via relativistic test particle tracing [15], RE mark-
ers are seeded inside the computational domain. The markers
are then evolved in the EM fields of the aforementioned 3D
fluid simulations. When lost to the FW or to the ULs (when
present), the marker power deposition is calculated.

The paper is structured as follows: section 2 presents the
model used, while section 3 describes the scenario considered.
In section 4 the RE beam formation is studied in axisym-
metric (2D) simulations, during a mitigated upward VDE.
In section 5, the RE beam termination is studied in non-
axisymmetric (3D) simulations. In section 6 the RE heat
loads on the plasma-facing components are estimated and in
section 7 the conclusions of this work are drawn.

2. Model

The results of the simulations that will be presented and ana-
lyzed in the next sections have been obtained using the 3D
non-linear code JOREK.

JOREK is based on the right-handed cylindrical coordinate
system (R,Z,φ), with the toroidal angle φ oriented clockwise
looking from above the torus. As described in [13], various
physical models are available in JOREK. Here, we consider
a single fluid representation of the background plasma con-
sisting of ions (‘i’) and electrons (‘e’). The background (or
thermal, subscript ‘th’) plasma is characterized by an ‘MHD’
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temperature T= Te +Ti assuming Te = Ti. In absence of REs,
the total toroidal current density (j) corresponds to the total
toroidal current density of the thermal plasma (jth). Similarly,
in absence of impurities the total mass density ρ corresponds
to the total thermal plasma mass density ρ= nimi, being ni
the ion number density and mi the ion mass. To reduce com-
putational costs and for the sake of simplicity, we consider a
reducedMHD plasmamodel, obtained by expressing the mag-
netic field (B) and plasma fluid velocity (v) using the following
ansatz in the normalized basis (êR, êZ, êφ):

B=
1
R
∇ψ× êφ +

F0

R
êφ =

1
R
∂Zψ êR−

1
R
∂Rψ êZ+

F0

R
êφ,

v=−R∇u× êφ . (1)

In equation (1) ψ is the poloidal magnetic flux and F0 is
a constant in space and time describing the intensity of the
vacuum toroidal magnetic field Bφ,0 = F0/R0, being R0 the
major radius of the plasma axis. u is the velocity stream func-
tion, defined as the ratio between the electric scalar potential
Φ and F0.

When included, impurities (subscript ‘imp’) are treated as a
separate fluid species, characterized by the total impurity mass
density ρimp. They are initialized in the simulation domain
through a uniform density source Simp and they are assumed to
be in coronal equilibrium for simplicity while a marker based
model exists in JOREK as well that traces the full charge state
evolution. The total mass density is then given by the sum
of the thermal plasma mass density and that of the impurit-
ies ρ= ρth + ρimp. Impurities are convected together with the
thermal plasma. The coupling of the reduced MHD plasma
model with the impurity model in use in JOREK, is described
in [16].

Also REs, when included, are treated as a separated fluid
species with respect to the thermal plasma. In this case, the
total toroidal current density is decomposed into the sum of the
thermal plasma contribution and that of the REs: j = jth + jRE,
with the RE toroidal current density jRE =−ecnRE. nRE is the
RE number density, e is the elementary charge and c is the
speed of light. In this work, when included, REs are initialized
through a seed SRE due to Tritium decay and Compton scatter-
ing. Additionally, the secondary volumetric source of REs is
represented by SAvalanche which reproduces the RE seed amp-
lification via large angle knock-on collisions, by means of the
Rosenbluth–Putvinski model [17] with additional corrections
for partially ionized impurities [18]. The coupling of the RE
fluid model to the MHD equations in JOREK, is described in
[14] while further extensions and benchmarks are contained
in [19].

The variables describing the evolution of our system are
then: (ψ,u, j,ω,ρ,p,ρimp,nRE), ω being the toroidal vorti-
city and p the plasma pressure. The (normalized) equations
taken into account in this work, governing the evolution
of the reduced single-fluid MHD plasma model coupled to
the impurities and RE equations, are reported in appendix,
together with the values of some meaningful used plasma
parameters.

Fixed boundary conditions are considered for all the listed
variables (unless stated otherwise), except ψ and j. To impose
the boundary conditions on ψ and j, the coupling with the res-
istive wall code STARWALL is considered here [20, 21]. The
fully implicit JOREK-STARWALL model takes into account
the effects of the conducting structures surrounding the plasma
and allows the vertical motion of the latter to be captured.
The coupling is obtained via the boundary integral formalism
(using Green’s functions) at the edge of the JOREK computa-
tional domain, so that the simulation domain does not need to
be extended beyond the plasma region.

Equations (4)–(11) written in a weak form, are solved on
a 2D Isoparametric Bezier finite element polar grid combined
with a Fourier expansion in the toroidal direction. The simple
polar grid chosen here for convenience is characterized by a
specified number of nodes in the radial nR and poloidal nθ dir-
ections. In section 4 the results of axisymmetric (2D) simula-
tions (n= 0-only retained, being n the toroidal mode number)
will be presented and discussed. The simulations of section 5
focusing on the MHD activity related to the termination, in
contrast, are conducted including several toroidal modes to
resolve the 3D dynamics.

3. Scenario

The ‘DEMO Single Null (SN) Variant (2021)’ has been selec-
ted for our studies. The term ‘variant’ refers to a specific
machine design characterised by a number of physical and
technological constraints. The variant under study has been
produced by the system codes PROCESS [22, 23], while the
associated magnetic equilibrium for the start of the flat-top
(SOF) has been created by the code CREATE-NL [24]. More
details about the variant studied can be found in [25].

In figure 1(a) the positions in the R–Z plane of the conduct-
ing structures described in the considered variant andmodelled
in JOREK-STARWALL are shown. In particular this includes:
the components of the central solenoid (CS), the poloidal field
coils (PF), the vertical stability coils (IV) and the FW. The
VV is made of stainless steel. The outer and inner axisymmet-
ric walls of the VV are shown in figure 1(a), each having a
resistivity of ηw = 0.76µΩm and a thickness of dw = 3 cm.
The VV layers are modelled in JOREK-STARWALL using
the thin-wall approximation. The inner VV layer is discretized
with thin linear triangles, while the outer VV layer is discret-
ized with toroidal filaments. In figure 1(a) the positions of the
three different limiter systems are also shown. These are: the
ULs, the outer midplane limiters and the lower limiters (LLs).
Their positions and shapes have been obtained following the
design presented in [26]. The limiters shown appear as seg-
ments in the R–Z plane, since their protrusion from the FW
is of ≈ 70mm. As already discussed in section 1, the focus of
the present paper is on the capability of the ULs, as presently
designed, to shield the FW from the REs. Because of this the
adopted JOREK plasma boundary conditions (JOREK BC)
have been chosen to contain the FW, being as close as possible
to it in particular in the upper part where the ULs are present.
In figure 1(a) the JOREK BC are indicated by the brown solid
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Figure 1. (a) Positions of the conducting structures modelled in JOREK-STARWALL according to the specifications of the ‘DEMO Single
Null (SN) Variant (2021)’. Inside the FW, the initial magnetic equilibrium of our simulations is shown. The extent of the JOREK plasma
boundary conditions (JOREK BC) is also shown (brown solid line). These have been chosen to include the region bounded by the FW and
to be as close to it as possible, especially in the upper poloidal plane, that is, the area where the ULs are present. (b) From top to bottom:
pressure, FF′ and corresponding safety factor profiles as a function of the normalised poloidal flux ψN . The original profiles produced by
CREATE-NL (solid blue lines) are compared with those modified by us (dashed orange lines), associated with a new MHD stable
equilibrium. The latter are the starting points of our simulations.

Table 1. Start of flat-top configuration plasma parameters for the original CREATE equilibrium and for the modified equilibrium. The
plasma parameters shown are: total toroidal plasma current (Ip), internal inductance (li), poloidal beta (βpol), magnetic axis positions (RAxis
and ZAxis). Major (RGeo) and minor (a) radius, toroidal magnetic field on axis (Btor). Value of the safety factor at ψN = 0.95 (q95), elongation
(k) and triangularity (δ).

Ip (MA) li βpol (R,Z)Axis (m) RGeo (m) a (m) Btor (T) q95 k δ

CREATE-NL 18.27 1.04 1.02 (9.47, 0.06) 8.94 2.88 5.7 3.51 1.77 0.44
New equilibrium 19.73 1.08 1.01 (9.37, 0.086) 8.85 2.84 5.78 3.54 1.8 0.435

line, while the FW is represented by the pink dashed line.
The 8 ULs are located every 45◦ in the toroidal direction and
placed below the upper port. Each of the 8 units extends for
∆φ≈ 11.25◦ in the toroidal direction.

In figure 1(b) the pressure and FF′ profiles associated with
two different equilibria for the SOF are shown. These, together
with the value of the poloidal flux at the JOREK BC, are
required by the Grad–Shafranov solver built into JOREK to
calculate the initial equilibrium. The safety factor profiles
associated with the two different equilibria are shown in the
third plot from the top. As the reader can observe, the ini-
tial profiles generated by CREATE-NL (solid blue lines) were
associated to an MHD unstable equilibrium. Indeed, the val-
ues of the corresponding safety factor profile were below 1 in
a large portion of the plane. In order to avoid the growth of
unwanted MHD instabilities and for the purpose of our stud-
ies, we have modified the original equilibrium as shown in
figure 1(b) obtaining the orange dashed lines. In particular, we
have increased the value of the q-profile to make it larger than
1 everywhere, by tuning the FF′ profile in the core without
modifying the original plasma pressure profile. In this way, we

produced a new magnetic equilibrium that is MHD stable. As
can be observed in figure 1(b) in the third plot from the top, the
new produced q-profile (orange dashed line) matches the ori-
ginal one forψN > 0.8, beingψN the normalized poloidalmag-
netic flux. Through this procedure, however, we have slightly
modified some plasma parameters as indicated in table 1.

The newly produced magnetic equilibrium represents the
starting point of our studies and it is characterized by the
electron density (ne) and temperature (Te) profiles shown
in figure 2, chosen to match the initial plasma pressure, cf
figure 1(b). In future dedicated works, in collaboration with
the DEMO team, we will seek to identify and consider an
already MHD-stable plasma equilibrium to further investigate
the physics described in this paper.

4. Mitigated VDE and RE beam formation

As anticipated in section 1, we begin by studying an upward
hot VDE that would bemitigated after a given displacement by
an hypothetical mitigation system. A hot VDE is an initially
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Figure 2. Equilibrium electron density (a) and temperature (b) profiles.

axisymmetric instability. Therefore, in this section we dis-
cuss simulation results where, for simplicity, only the toroidal
mode number n= 0 is retained for all physical variables of
interest. In figure 3 the time traces of some meaningful quant-
ities associated with the simulations discussed in the following
are shown.

We initially discuss the simulation results where the RE
presence is not taken into account (blue lines in figure 3). To
trigger an upward hot VDE, a current perturbation of the in-
vessel coils is added. Once the magnetic axis has vertically
moved by approximately δZAxis ≈ 0.7m from its equilibrium
position, the impurities are ramped up inside the full simula-
tion domain until the desired impurity density is reached. Here,
neon impurities only are considered. To mimic the effects
of impurity injections, the artificial TQ (ATQ) is produced.
We label this time window with the adjective ‘artificial’, to
underline that here we do not consider non-axisymmetric mag-
netic perturbations (3D), which would lead to stochasticity
of the magnetic flux surfaces. Although it is possible to sim-
ulate the 3D self-consistent TQ with JOREK, as has been
done in previous published works [27], as mentioned above,
in this section we will only consider axisymmetric (2D) sim-
ulations, since 3D studies of the TQ are particularly numer-
ically expensive and challenging. The realistic reproduction
of TQ in DEMO is beyond the scope of this paper. Here we
simply mimic the effects of the TQ that we artificially create,
bymanually increasing the thermal plasma diffusivities and by
switching off the Ohmic heating in order to obtain the desired
temperature drop (Te ≈ 10 eV) at the end of it. Also, the cur-
rent density profile is flattened via a large hyperresistivity,
to reproduce the current redistribution and associated current
spike typically observed in tokamak disruptions. This increase
in hyperresistivity is consistent with the studies presented in
[6, 28, 29] and the hyperresistivity represents unresolved non-
axisymmetric magnetic perturbations that break the magnetic
surfaces. The temporal extent of the ATQ in figure 3 is denoted
by the pink temporal window. At the end of the ATQ, the
thermal plasma diffusivities are switched back to those of the
pre-ATQ, the hyperresistivity value is decreased to its pre-ATQ
value and the Ohmic heating is switched on again. The CQ

phase follows after the ATQ, because of the low temperature
determined by the balance of Ohmic heating and radiation,
cf the second plot from the top in figure 3(a) where the total
toroidal plasma current (Ip) decay is observed. Note that the
toroidal RE current (blue dashed line) is here identically zero
since we performed this initial simulation without including
the RE effects. In the third plot from the top of figure 3(a),
the vertical position of the magnetic axis is shown (ZAxis, blue
solid line). The magnetic axis accelerates towards the wall
and the core area shrinks, with the plasma minor radius a
decreasing. The faster plasma current decay with respect to
the decrease of the square of the plasma minor radius, determ-
ines the increase in the value of q95, given that: q95 ∝ a2/Ip.
On the other hand, the vertical force on the wall is limited to
a maximum value (in this case of Fz ≈ 13 MN). These results
are in agreement with the findings presented in [5, 30]. As
described there, the vertical force on the wall is proportional
to the change in the vertical current moment [3]:

Fz ∝ Ip ×∆ZCurr., being ZCurr. =

´
jZdZdR
Ip

. (2)

As we can observe by looking at the third plot from the top of
figure 3(a), while the movement of the magnetic axis acceler-
ates towards the wall, the vertical position of current centroid
(ZCurr., blue dashed line) remains closer to the midplane as
a large fraction of plasma current is induced outside the last
closedmagnetic flux surface (LCMFS) in the halo region (halo
currents). Because of this stagnation of the current centroid,
the change in the vertical current moment is limited to a max-
imum value and hence, also Fz.

We can now ask ourselves, how the presence of REs modi-
fies the results previously described. To address this question,
we repeat the previous simulation, but initializing a RE seed
at the end of the ATQ. We would like to emphasise that, as
anticipated in section 2, the impurities in this work are ini-
tialised by a uniform density source, representing impurities
from an active disruption system (shattered pellet injection,
SPI). With this choice, we do not intend to strictly mimic the
pellet injection as in a real experiment. In fact, considering
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Figure 3. Time traces of some meaningful plasma quantities for two different simulations of a mitigated VDE in DEMO. Impurity
(neon-only) concentration of nimp = 2.4× 1019m−3. In one simulation (blue lines), the presence of the REs is neglected. In the other
(orange lines) the RE effects are considered. The pink region labels the width of the ATQ (∆t≈ 4ms). (a) From the top to the bottom: the
impurity content (switched on before the ATQ), the total toroidal plasma current Ip (solid lines) and the RE toroidal current (dashed lines),
the vertical positions of the magnetic axis ZAxis (solid lines) and of the current centroid ZCurr.(dashed lines). (b) From top to bottom: vertical
current moment, q95 and vertical force on the wall.

simulations with localised impurity injection (and then switch-
ing to multi-toroidal mode simulations as done in section 5)
would result in extremely numerically expensive simulations.
In addition, while the injected impurities are obviously not ini-
tially uniform, the large MHD-induced convection during the
TQ leads to strong mixing, so that the impurity density after
the TQ is usually found to be relatively uniform in 3D MHD
simulations [16]. The evolution of the impurity density from
the non-uniform to the uniform distribution is not part of this
study, as this would require a self-consistent modelling of the
TQ. The purpose of the impurity injection here is to facilitate
the TQ and to obtain a quick estimate of the dependence of
the established RE beam on the impurity content, not to study
the realistic 3D distribution of the impurities. The here initial-
ized RE seed intends to represent the REs generated via the
mechanism of Compton scattering and Tritium decay. These
nuclear sources are unavoidable seed mechanisms in a nuclear
machine such as DEMO and can therefore be seen as the limit
at which mitigation is optimal in terms of RE seed. Dreicer
and hot-tail are not considered here as their model is not yet
included in the RE fluid model used. However, the sensitiv-
ity tests presented in [14, 19] show that the final amplitude
of the RE current does not strongly depend on the initialised
RE seed. There, the REs were initialised with a RE current

whose amplitude was chosen at the beginning of the simula-
tion. In this work we consider the limit where Dreicer and hot-
tail sources are sub-dominant with respect to Compton scatter-
ing and Tritium decay due to strong TQ seed losses. The results
of this new simulation, shown in figure 3 by the orange lines,
are in agreement with the studies presented in [31] for ITER.
In the second plot from the top of figure 3(b), we observe the
growth of the toroidal RE current (dashed line, IRE) due to
the conversion of the thermal plasma current by means of the
avalanche mechanism, till it reaches the maximum value of
IRE ≈ 13MA. Note that the difference between the total tor-
oidal plasma current (Ip, orange solid line) and the toroidal
RE current, corresponds to the toroidal halo current, mean-
ing that that thermal electrons have no more current inside the
LCMFS. The so formed RE beam slows down the plasma cur-
rent decay rate, since REs do not decay on a resistive time
scale. Unlike the case without REs, the value of q95 decays,
cf in figure 3(b) the second plot from the top. This happens,
because in this case the plasma shrinks faster than the cur-
rent value decreases (q95 ∝ a2/Ip). Additionally, the current
centroid does not stagnate anymore since a large portion of
the current remains inside the LCMFS. Consequently, the ver-
tical current moment and the vertical force on the wall keep
increasing. Our simulations already show the saturation of the
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Figure 4. Scan against the amount of impurities injected. (a)
Maximum value of the toroidal RE current (IRE). (b) RE beam
growth rate (γRE).

vertical current moment for this case and a modification in the
flattening of the temporal trace of Fz that could indicate the
achievement of its maximum value, before it decays. However,
given the purpose of this paper and given the not unrealistic
drop of q95 to extremely low values (since the 2D simulation
setup used here does not allow for MHD instabilities), we will
not study this case further. For completeness, we present in
figure 4, a scan in the total amount of injected impurities where
the modification of maximum value of the RE current and of
the growth rate of the RE beam (γRE) are shown. Note that the
model for SAvalanche [19] to which we refer has a dependence
on the impurity density content that is rather complex and not
simply linear. Therefore the nonlinear dependence of γRE on
nimp is not unexpected.

5. RE beam termination

In the present section, we aim to study the termination of
the formed RE beam. To this extent, we follow closely
the approach introduced in [32] in the context of ITER
simulations.

We consider here the case at highest impurity concentra-
tion of nimp = 2.4× 1019m−3, whose time traces have been
shown in figure 3. This choice is motivated by the purpose of
this paper that is to study the impact of the REs on the ULs to
test whether their design can effectively shield the FW. To this
extent, we take into account the worst case scenario obtained,
characterized by the highest RE beam produced. The 2D sim-
ulation discussed in the previous section represents an ‘inter-
mediate’ step toward the study of the RE beam termination.
In fact, the strategy here adopted, is to follow the 2D simula-
tion with initialized REs (orange lines in figure 3) and then to
choose a time where the value of q95 is close to 2. At this selec-
ted time, the MHD simulations are restarted in 3D, i.e. retain-
ing higher (than 0) toroidal harmonics for all the physical vari-
ables of interest. Note that in this work, we intentionally focus
on a specific disruption scenario in which REs are only lost

during the CQ phase, once the RE beam has formed and the
q95 value has dropped below 2. Other disruption scenarios may
occur experimentally, where a portion of REs is lost through-
out the entire CQ phase due to stochastic regions formed at the
end of the TQ. To fully capture the experimental dynamics in
these cases, comprehensive 3D numerical studies of both the
end of the TQ and the entire CQwould be necessary. However,
such studies are computationally demanding and lie beyond
the scope of this paper, which is specifically aimed at invest-
igating RE losses as q95 approaches values close to 2. Three
times have been considered to restart the simulations. Each of
these corresponds to a different value of q95, namely: 2.7, 2.29
and 2.05 (we remind that q95 is decreasing in time). For all
these selected cases we have observed, similarly to the findings
for ITER presented in [32], the plasma to be MHD unstable
with the different modes initialized growing exponentially in
time until saturation is reached.

In figure 5 we show again time traces of the 2D simula-
tion (orange lines) already presented in section 4, zooming in a
selected temporal range. These time traces are compared with
those (gray lines) obtained in a 3D simulation where n ∈ [0;7].
This corresponds to the simulation with highest toroidal mode
numbers retained in this work. In all the plots presented in
figure 5, six times have been selected, as indicated by the
vertical dashed lines. The initial three have been taken at the
beginning, in the middle and at the end, respectively, of the
RE toroidal current decay phase that is marked by the green
temporal domain. At these selected times, the Fourier decom-
position of the poloidal magnetic flux has been calculated (cf
figure 6), together with the Poincaré plots (cf figure 7(a)) and
the safety factor and plasma current profiles (cf figure 7(b)).
Also, in figure 8 the RE density (nRE) is shown in the upper
part of the tokamak poloidal cross section, on top of which the
Poincaré plots are shown. All together, figures 5–8 provide us
a clear picture of the physics involved here.

In figure 5(c) the poloidalmagnetic (Emag) and kinetic (Ekin)
energies associated to the non axisymmetric instabilities, are
shown. The fastest growing and first saturating mode here is
n= 4. n= 1 and n= 2, on the other hand, reach higher satur-
ation levels and remain the dominant instabilities throughout
the entire nonlinear phase. We begin by discussing the phys-
ics observed in the green temporal range in figure 5, referring
also to the plots in figures 6–8 calculated at the times inside
this temporal range: 452.36, 452.84 and 453.48ms. At the very
beginning of this temporal range, (m,n) = (8,4) and (m,n) =
(9,4) are the dominant mode structures, m being the poloidal
mode number. These are localized close to the edge. Later
(2, 1) reaches a higher saturation level, resulting in the dom-
inant instability inside the selected time window and remain-
ing localized in the middle of the radial plane at ρN = 0.6. ρN
being the square root of the normalized poloidal magnetic flux,
ρN =

√
ψN. The development of the MHD instabilities is held

responsible for the stochastization of the magnetic field lines.
The stochastic region covers initially the outer part of the radial
plane and later grows radially inward with the creation of mag-
netic islands and with the reduction of the closed flux-surface
region. Because of the fast RE parallel transport and of the
increased stochastic region, REs are progressively lost, while
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Figure 5. Portion of the axisymmetric simulation (2D) time traces shown in figure 3, compared with those obtained from a 3D restart at
q95 = 2.29 with higher toroidal mode numbers retained: n ∈ [0;7]. The green temporal window marks the temporal domain where the RE
current decay is observed. The quantities plotted are described from the top to the bottom. (a) Toroidal plasma current (solid lines) and RE
current (dashed lines), temporal evolution of edge safety factor. (b) Vertical current moment, vertical force on the wall. (c) Temporal
evolution of poloidal magnetic (Emag) and kinetic (Ekin) energies associated to the initialized instabilities.

a remaining portion remains concentrated in the core, as it can
be observed in figure 8(a). This causes the drop in the RE cur-
rent (‘RE beam termination’) observed in figure 5(a) in the
first plot from the top (gray dashed line) with the RE current
passing, in the present scenario, in a time window of ∆t=
1.12ms from a maximum value of 12.3MA to a minimum of
2.8MA. The drop in the RE current affects the vertical cur-
rent moment and slightly reduces the vertical force on the
wall.

We observe that, at the end of the RE current decay, a RE
seed remains concentrated into the core. The remaining RE
current is observed later to re-avalanche, growing again into
a beam with maximum current of 10MA. The formed beam
slightly decays again after a new burst of MHD activity and
so on. This RE current reformation and subsequent decay is
observed inside the deep nonlinear phase of the time evolu-
tion of the established MHD instabilities. With reference to

figure 5, we are interested in the temporal dynamics on the
right side of the green temporal window. Inside this temporal
phase, we have selected three times at which the Poincaré plots
andmode structures have been presented. In particular, the first
selected time (t= 457.29ms) has been taken when the max-
imum value in the RE current re-avalanche has been reached.
We observe, at this time, the dominant MHD instability that
has slightly moved outward, presenting a peak at ρN = 0.85. In
addition, the closed flux-surface region has increased again. At
the following times, we observe the closed flux-surface region
newly decreasing at the expense of the stochastic region. This
is accompanied by a partial drop in the RE density and current.
The observed re-avalanche of the REs is of particular concern,
since a new RE beam generated with an amplitude of almost
80% of the original one, could enhance the damage that the
REs carry to the plasma-facing components. In order to cla-
rify this point, the nonlinear phase of the MHD instabilities
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Figure 6. Fourier decomposition of the poloidal magnetic flux at different selected times. For every toroidal mode number retained in the
simulation, the mode structure of the dominant poloidal harmonics m is shown. The times at which the mode structure is shown, correspond
to those indicated in figure 5 by the vertical dashed black lines. At each time considered, the dominant mode structure (higher in amplitude),
has been marked using red corners.

Figure 7. (a) Poincaré plots at the times at which the Fourier decomposition shown in figure 6 has been performed. (b) Shape of the safety
factor and flux surface averaged toroidal plasma current at the times at which the Poincaré plots have been shown.

needs to be further investigated, also by repeating the simula-
tions presented andmaintaining higher toroidal mode numbers
with respect to those considered here, leading to more costly
and lengthy numerical simulations. In future dedicated works,
further studies will be conducted with a particular focus on the
physics involved inside this shortly described nonlinear phase
of theMHD instabilities. This will be done, also, by presenting

simulations with a higher retained number of toroidal modes
with respect to those considered here. Given the purpose of
the present paper, we do not further investigate the physics
involved after the first termination and we limit our attention
to the temporal range where the first and main RE current drop
is observed (green temporal region in figure 5). Note, however,
that since the beam does not move discontinuously between a
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Figure 8. In the upper portion of the poloidal cross section, where the plasma column is located, the RE density is shown at the selected
times considered in figure 6. On top of these, the Poincaré plots are shown. The blue continuous line indicates the FW position.

termination phase and a reformation phase, well-placed and
properly designed sacrificial limiters that protect against the
first burst of REs would likely be able to protect the FW from
the successive crashes.

6. Prediction of the RE power deposition on FW
and ULs

This section represents the core of the present paper. Here,
the power deposited by the REs on FW and ULs is estimated.
To do so, we consider the MHD simulation already presented
in section 5, obtained with a 3D restart at q95 = 2.29 where
n ∈ [0;7] have been retained. In post-processing, the tracing
marker module available in JOREK [15, 33] has been used to
evolve the RE markers. Similarly to what was done in [34],
a test-particle approach is used. RE markers, that is super-
particles representing a portion of physical particles in phase-
space, are evolved using the fields evolution history previously
calculated in the correspondingMHD simulation. This implies
that the RE markers are not self-consistently coupled to the
thermal plasma using a full-f particle-in-cell model like in
[35]. In this paper we consider an axisymmetric FW (AFW),
generated using a triangular mesh as in [34]. As mentioned
in section 3, the AFW is located inside the JOREK BC, cf
figure 1(a). In fact the JOREK BC were chosen to contain the
FW by staying as close to it as possible, especially in the upper
part of the tokamak.

The RE markers have been initialized at t= 452.25ms,
that is the time when the RE current reaches a maximum of
IRE = 12.3MA before it begins its drop during the termination
phase, cf figure 5. The markers are initialized inside the com-
putational domain (JOREK BC) with positions in space that
are sampled from the RE density number nRE at the selected
time. The same weight, representing the number of physical
particles, is associated to all the initialized markers, such that
the sum of all the markers weights equals the number of phys-
ical RE particles, that is NRE = 1.24 · 1019. The kinetic energy
of all the RE particles equals the total magnetic energy (Wtot)
channeled to the REs from the poloidal magnetic field [31]:

Wtot =

ˆ
jRE,∥

(
E∥ −Eeff

c

)
dVdt , (3)

jRE,∥ being the parallel RE current density, E∥ the parallel
electric field and Eeff

c the effective critical electric field [18].
Here Wtot ≈ 35MJ. Since by using fluid simulations we do
not have any information about the RE distribution in velocity
space, we consider for simplicity the total kinetic energy to be
equally distributed among all the particles, so that every RE
particle has an initial energy of E = 17.6MeV and pitch angle
of ξ = v∥/v=−0.99. The initialized markers are then traced
by solving the guiding center equations [36] via a fourth order
Runge Kutta method (RK4). The markers are evolved until
they collide with the AFW (contained inside the JOREK BC)
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Figure 9. Results at the end of the markers time evolution during the termination phase in figure 5: t ∈ [452.25;453.59]ms. Here, the
initialized number of markers is Nmarkers = 106. Different wall configurations have been considered: in the first line only the presence of the
AFW is taken into account, while in the second line also the UL positions as conceived by the DEMO team, are considered. In the third line,
the ULs have been moved ‘ad-hoc’ to the positions where the majority of the REs hit the wall. (a) Confined (pink) and lost (green) markers
in the upper part of the R–Z plane. The black dashed lines represent the positions of the plasma-facing components. (b) Markers lost to the
plasma-facing components, plotted against the toroidal (φ) and poloidal (θ) directions. The gray boxes, when present, indicate the positions
of the UL components (constituted by 8 units). (c) Energy per surface unit carried by the markers onto the plasma-facing components in the
φ–θ plane. (d) Energy per surface unit carried by the markers onto the plasma-facing components watching from a virtual camera. The
camera is placed on the bottom of the tokamak, looking upward, towards the upper part of the tokamak where the ULs are present.

or the minimum value of the RE current at the end of the ter-
mination phase has been reached (cf the green temporal win-
dow in figure 5). The markers temporal evolution is stopped at
t= 453.59ms, before the beginning of the RE beam reforma-
tion. In case the markers collide with the wall, they are con-
sidered lost and their energy is deposited on the plasma facing
components.

We discuss now the results obtained in simulations with the
reference number of markers Nmarkers = 106. In figure 9 the
RE deposition is shown at the end of the time evolution of
the markers during the termination phase. Each row shows the
results corresponding to three different simulations with three
different plasma-wall interfaces.

The first line of figure 9 shows the results for a simulation
with only AFW and no ULs. In figure 9(a) the markers lost
to the wall (green points) and those still confined at the end
of the termination phase (pink points), are shown in the upper

part of the poloidal cross section of the machine. In figure 9(b)
all markers lost to the wall are shown at the toroidal φ and pol-
oidal θ positions at which they have hit the wall during the sim-
ulation. In particular, θ is calculated with respect to the posi-
tion of the magnetic axis, as shown by the grey dashed lines
in figure 9(a). Note that in figure 9(b), the pattern displayed
by the markers aligns with a perturbation exhibiting toroidal
periodicity of 4. This is consistent with figure 5(c), within the
green temporal region, which represents the time window dur-
ing which the markers evolve. In this region, the first instabil-
ity to saturate and the fastest growing one has n= 4, localized
near the edge (cf figure 6). Subsequently, n= 1 and n= 2 attain
higher amplitudes. In the present figure, however, we simply
accumulate the markers over the selected temporal range to
highlight where they impact the wall spatially, without show-
ing the time evolution of marker deposition. In figure 9(c) the
energy per surface unit deposited onto the wall by the markers
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is shown, still in the φ–θ plane. In figure 9(d) the energy per
surface unit deposited by the markers onto the wall is shown
by observing from a virtual camera placed at the bottom of the
machine and looking towards the upper part of the tokamak.

The second row of figure 9 shows the results of a simulation
where the ULs have also been taken into account. There, we
have considered 8 ULs each having a toroidal width of about
∆φ ≈ 11.25◦ and the positions in the R–Z plane as designed
by the DEMO team [26], with a protrusion from the AFW of
70 mm. The positions of the limiters in the φ–θ plane are rep-
resented by the grey boxes in figure 9. As the reader can see,
with the current plasma configuration the majority of REs do
not hit the ULs.

It should be stressed that the design of an EU-DEMO is a
work in progress. In particular, the simulations presented here
have been obtained from an initial plasma scenario for the SOF
corresponding to that presented in [25], as already anticipated
in section 3. The plasma scenario for the SOF was later modi-
fied, as already described in [37, 38]. Furthermore, the plasma
scenario considered in the present work is different from the
one that led to the positioning of theULs, as nicely described in
[26]. This explains why, in the present work, the REs do not hit
the ULs at the expected positions. Given the difficulty, in terms
of numerical and time cost, of repeating these simulations by
modifying the initial plasma scenario, in order to estimate the
RE energy deposition onto the ULs and to test their effective-
ness in shielding the AFW, we have chosen here ‘ad hoc’ to
move the ULs to the positions in the R–Z plane where, in the
present scenario, the majority of the REs hit the wall. In the
future, all the simulations performed here will be repeated by
changing the initial plasma scenario, in particular by selecting
the one that has led to the UL positioning [26]. In figure 9 we
havemarkedwith ‘Current ULs’ the results obtained by choos-
ing the UL configurations foreseen by the DEMO team. With
‘Moved ULs’ we refer to the results obtained by artificially
moving the ULs to the poloidal positions where the majority
of REs are lost. We emphasise once again that this is purely an
exercise to assess the effectiveness of the ULs in protecting the
wall in the present situation. These studies are not intended to
suggest that the ULs should be moved to a different position in
the poloidal plane. Because other problems would arise, such
as the impossibility of integrating and remotely maintaining
sacrificial limiters due to the limited space, or the lack of main-
tenance ports when moving from 1 o’clock to 11 o’clock in
the poloidal plane. However, it is interesting to note how sens-
itive the position where the REs hit the wall in the R–Z plane
is, with respect to the initial plasma configuration chosen. For
this reason, it is essential to repeat the established procedure
and the simulations presented, taking into account the plasma
scenario that has led to the positioning of the ULs [26] which
(as already discussed) is different from the initial plasma scen-
ario considered in this work. We want to emphasize that the
new equilibrium scenario developed by the DEMO team [38]
and consistent with the ULs positioning, not only differs from
the present one for the initial plasma profiles chosen, but more
importantly for a decreased total triangularity, mainly in the
upper part, with a rotation of the upper inactive null clockwise.
Given the complexity and the numerical cost of the simulations

performed, these studies will be repeated, in order to be con-
sistent with the plasma scenario chosen for the positioning of
the ULs.

Both the sets of plots in figure 9, where the presence of the
ULs has been taken into account, show that the ULs are able
to partially or more extensively shield the AFW from the RE
energy deposition. The REs remain concentrated to a smaller
area, creating spots of accumulated energy deposition. These
spots are visible on the right side of the UL blocks when look-
ing at figure 9(d) anticlockwise and still on the right side of
the boxes in figure 9(c).

In figure 10 the minimum energy per surface unit (EMin.
Load)

that arrives onto a given surface area is shown for simulations
with different plasma-wall interfaces. EMin.

Load can be interpreted
as the surface area exceeding a certain energy load. We have
considered configurations with the ULs at the positions in the
R–Z plane designed by the DEMO team (labelled ‘Current’).
We have also moved the ULs in the R–Z plane to the positions
where, in this work, the majority of the REs hit the plasma-
facing components (labelled ‘Moved’). We have also varied
the number of units N of ULs and their toroidal width∆φ. We
remind here that, as designed by the DEMO team, the ULs
should be constituted by 8 pieces, each with toroidal width
∆φ≈ 11.25◦. This configuration was based on studies of the
energy loads due to charged particles during the TQ, whereas
the RE loads are estimated for the first time in this paper. In
figure 10(a) the energy deposition on the AFW only is shown,
while figure 10(b) shows the deposition on the ULs only. Note
that the blue curve in figure 10 corresponds to the configura-
tion where only the AFW is present and noULs, cf the first line
in figure 9. The red and pink curves refer, respectively to the
cases with ULs shown in figure 9. We can see from figure 10
that the effect of the ULs is to reduce the AFW area affected
by the RE energy deposition. There is also a slight reduction
in the maximum energy per surface unit deposited onto the
AFW. On the other hand, the maximum energy deposited on
the ULs is greatly increased with respect to the configuration
without ULs. This is because, as expected, the area of intersec-
tion of the REs with the ULs is smaller and the REs are more
concentrated into a smaller area. In figure 11 we have summar-
ised some of the results contained in figure 10, showing their
dependence on the chosen plasma-wall configuration.

Finally, figure 12(a) shows the dependence of the minimum
energy load on the chosen number of initialised markers for
a simulation with n ∈ [0;7]. In figure 12(b) the variation of
the minimum energy loads in simulations where the reference
number of markers Nmarkers = 106 has been kept, but the num-
ber of toroidal harmonics kept in the simulations has been var-
ied, is shown.

7. Conclusion

In this paper we have carried out numerical simulations using
the JOREK code to investigate the effects of REs onto the
DEMO plasma-facing components. In particular, we have
established the work-flow to assess the damage created by
the REs onto the wall, in the presence of ULs shielding this
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Figure 10. Minimum energy per surface unit (EMin.
Load) that arrives onto a certain area. (a) Energy per surface unit onto the AFW only. (b)

Energy per surface unit onto the ULs only. Note that the blue curve corresponds to the configuration without ULs. In the legend, the
different UL configurations considered are shown. ‘Current’ refers to configurations with the UL positions in the R–Z plane designed by the
DEMO team. ‘Moved’ labels the configurations with the ULs shifted ‘ad-hoc’ to the position in the R–Z plane where, in the present paper,
the majority of REs hit the wall. ‘N’ indicates the number of units that constitute the ULs, while ∆φ indicates the width in the toroidal
direction of every unit. We remind here that the reference values (as proposed by the DEMO team) are: N= 8 and ∆φ = 11.25◦.

Figure 11. Dependence of two meaningful quantities contained in figure 10 against the chosen plasma-wall configuration. (a) Maximum
energy values of the curves shown in figure 10. That is, value of max(EMin.

Load) for each chosen configuration, onto AFW in presence of ULs
(‘x’) and on ULs-only (‘+’). The blue dashed line represents max(EMin.

Load) on the AFW in absence of ULs. (b) Maximum AFW area affected
by the REs.

last. We believe the established rather complete workflow to
be helpful in the process of validating the ULs. To this end,
we first studied, in axisymmetric MHD simulations, the form-
ation of a RE beam in the CQ of a mitigated hot VDE. We
allowed the RE beam to evolve until the plasma edge safety
factor reached a value close to 2. At this point, the simula-
tion was restarted with higher toroidal harmonics, in particular
keeping the toroidal mode numbers in the range n ∈ [0;7]. In
these non-axisymmetric simulations, the decay of the RE beam
was observed due to the growth of MHD instabilities that res-
ulted in the stochastization of the magnetic field lines. Later,
the reformation of the RE beam was also observed. In post-
processing, particle tracing has been used to evolve the initial-
ised RE markers during the RE beam termination phase and to
deposit their thermal loads onto the plasma-facing components

in case of collisions with the latter. We have considered the
current plasma wall configuration with the ULs in the position
designed by the DEMO team, but we have also considered
other configurations with different number of UL units and
unit toroidal extension. In the presented studies, we have not
taken into account the effects of the RE regeneration (observed
in our simulations) after the first loss event and the associ-
ated conversion of magnetic energy into kinetic RE energy that
would be also then deposited to the wall. Our studies clearly
show that the ULs are important to protect the FW from the
REs, shielding it from most of them, reducing the FW area
affected by REs. On the other hand, the peak heat load on the
AFW is not greatly reduced, so the current UL design would
not be sufficient to completely prevent wall damage. The main
effect of the design under consideration would be to drastically
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Figure 12. Minimum energy load on the AFW in plasma-wall configurations where the ULs are absent (AFW-only). (a) Scan in the number
of markers initialized, for simulations with fixed toroidal mode number retained: n ∈ [0;7]. (b) Scan in the number of retained toroidal mode
numbers in the 3D restarts at q95 = 2.29. Initialized markers: Nmarkers = 106.

reduce the area affected by the damage. It is clear that this is
not sufficient in terms of machine protection, so the UL design
would need to bemodified in someway, e.g. by installingmore
ULs in a toroidal configuration, making them more toroidally
elongated, or increasing their protrusion from the FW. Such
design decisions depend on many other considerations and are
not part of our work. However, the fact that the ULs reduce the
affected area so drastically is an indication that full protection
can be achieved. Nevertheless, while the maximum energy per
surface unit onto the FW is slightly reduced, the maximum
energy per surface unit onto the ULs is almost 1 order of mag-
nitude higher than that onto the FW in absence of ULs. In our
studies we do not consider a detailed CAD model for FW and
ULs and, as shown in [34] for ITER studies, when consider-
ing the details of the plasma-facing components, the RE loc-
alisation is further increased, leading to a consequent increase
in the deposited energy per surface unit. The results shown in
this paper prove that the ULs are an essential part of the shield-
ing of the wall from the REs. The observed energy increase
at the ULs compared to an unshielded wall is inevitable as
the REs are deliberately concentrated in a smaller area. The
question therefore arises as to whether the ULs can withstand
such an increase in energy and whether the REs will simply
burn the UL components or whether they will still be able to
reach the wall. There is also concern about what happens to
all the material that is boiled off from the sacrificial limiters,
whether it forms weakly bound patches that could flake off
in later plasma operations and cause disruptions. It should be
emphasised that while the JOREK simulations can give a full
picture of the RE losses up to the wall loads, additional mater-
ial simulations are required to calculate the wall damage and
these will be carried out in future collaborations and works.
However, the ULs are components that can be ‘sacrificed’ and
the DEMO design focuses on a solution where the ULs can
be easily replaced if necessary. This work has also shown that

most of the RE load is absorbed by the ULs when correctly
positioned. However, a significant fraction of the REs find a
way to bypass the ULs and reach the FW, and the RE beam
reformation can increase the damage to the already damaged
plasma-facing components. This is an alarming observation,
suggesting that the ULs alone may not be sufficient to pro-
tect the FW. To address these important issues, further studies
will be carried out to support the development of the design
of the ULs to adequately shield the FW. In particular, further
MHD studies on the reformation of the RE beam will be con-
ducted using simulations with higher toroidal mode harmon-
ics. Additionally, the markers will be evolved throughout the
subsequent termination phases, rather than being halted at the
conclusion of the primary beam termination, as was done in
this study.
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Appendix

The (normalized) equations taken into account in this work, governing the evolution of the reduced single-fluid MHD plasma
model coupled to the impurities and RE equations, are:

1
R
∂tψ =

η

R

(
j− cF0

BR
nRE

)
+ [ψ,u]− F0

R
∂φu− ∂R (ηnum∂Rj)− ∂Z (ηnum∂Zj) (4)
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{
Ebg
ion (2(ρ− ρimp) ∂Zu+R [ρ− ρimp,u])

+∇·
(
Ebg
ionD∥∇∥ (ρ− ρimp)+Ebg

ionD⊥∇⊥ (ρ− ρimp)
)}

+αimp,bisρimpR [T,u] +αimpTR [ρimp,u] + 2γαimpρimpT∂Zu+
γ− 1
2

R|∇polu|2 (Sbg + Simp)

− (ρ+βimpρimp)(ρ− ρimp)Lrad,Dcont − (ρ+βimpρimp) [frad,bg + ρimpLrad] + (γ− 1)Rρimp
dEion

dT
[T,u]

(9)

∂tρimp =∇·
[
D∥,imp∇∥ρimp +D⊥,imp∇⊥ρimp

]
+R [ρimp,u] + 2ρimp∂Zu+ Simp (10)

∂tnRE = SRE + Savalanche + 2nRE∂Zu+R [nRE,u] +∇·
(
D∥,RE∇∥nRE +D⊥,RE∇⊥nRE

)
. (11)

In equations (4)–(11) the Poisson bracket and the gradient in the R–Z plane have been introduced:

[f,g] = êφ ·∇f×∇g= ∂Rf∂Zg− ∂Rg∂Zf, ∇pol h= êR∂Rh+ êZ∂Zh . (12)

ηnum is the hyperresistivity, Lrad and Lrad,Dcont are impurity and Deuterium ions radiation respectively, while Eion and Eion,bg are
the ionization energies of impurities and background ions respectively. The other important parameters and their values used in
the simulations presented in this work are given in table 2. Finally:

αimp =
mi

2mimp
(⟨Zimp⟩+ 1)− 1, αimp,bis = αimp +T

d
dT
αimp, βimp =

mi

mimp
⟨Zimp⟩− 1 , (13)

being ⟨Zimp⟩ the average impurity charge, mi and mimp the ion and impurities masses respectively. In the present paper, we
consider a deuterium ion plasma.

Also, in equation (11) SRE is the initialised RE seed, representing the REs generated byCompton scattering and Tritium decay,
while SAvalanche represents the RE seed amplification by large knock-on collisions. A detailed description and the corresponding
equations for SRE and SAvalanche can be found in [19].

In equation (11) we do not model the RE parallel transport as an advection at the speed of light but rather as a parallel
diffusion. By means of this choice, we are able to reduce the computational cost associated with the modelling of RE parallel
transport as explained in [14].
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Table 2. Parameters in use before and after the ATQ. Note that the large value of RE parallel diffusivity used is intended to mimic the rapid
parallel loss of REs from the stochastic magnetic field. Extensive tests with the JOREK RE fluid model [19] have shown that the value used
is optimal and does not cause any significant numerical perpendicular diffusion during the long 2D phase of the simulation. Regarding the
perpendicular RE diffusivity, the relatively small value we used was purely for numerical stability and previous tests have also shown that it
does not affect the MHD growth rates [40].

Parameter Dependency Value Description

D Constant 1.04m2 s−1 (Isotropic) particle diffusion coefficients for thermal
plasma and impurities

D∥,RE Constant 1.54× 109 m2 s−1 Parallel RE diffusion coefficient
D⊥,RE Constant 1.54× 10−2 m2 s−1 Perpendicular RE diffusion coefficient
χ∥ Spitzer–Haerm ∝ T5/2e χmax

∥ = χ∥(876eV) For Te > 876eV, χ∥ = χmax
∥ Parallel heat diffusion coefficient

χ⊥ Profile χ⊥,core = 0.5m2 s−1 Perpendicular heat diffusion coefficient
η Spitzer ∝ T−3/2

e ηmin = η(1.26keV) For Te > 1.26keV, η = ηmin Plasma resistivity
µ Constant µcore = 2.47× 10−3 kgm−1 s−1 Viscosity
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