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Abstract

Predicting three-dimensional thermal loads during tokamak disruptions is essential for ITER yet
remains weakly developed. We present a physics-based workflow that couples MHD
simulations of vertical displacement events with field line tracing on a realistic 3D first wall
model and a transient wall thermal response. The approach is validated against JET discharges
with beryllium main chamber armour, reproducing key global dynamics, non-axisymmetric
current features, and the occurrence (or absence) of melting, thereby building confidence in the
methodology. We then apply the same workflow to ITER-relevant conditions with tungsten (W)
armour, consistent with the new 2024 ITER re-baseline, to assess disruption heat loads and their
3D localization. The resulting analysis demonstrates the resilience of the ITER W first wall
against these events and provides predictions for the energy deposition and current flow profiles.
Beyond these studies, the workflow enables scenario-by-scenario estimates of
disruption-induced thermal loading, allowing to assess the disruption-budget consumption for
these events in future devices.

4 See Hoelzl et al 2024 (https://doi.org/10.1088/1741-4326/ad5a21) for The
JOREK Team.

b See Maggi et al 2024 (https://doi.org/10.1088/1741-4326/ad3e16) for JET
Contributors.

¢ See Joffrin et al 2024 (https://doi.org/10.1088/1741-4326/ad2be4) for The
EUROfusion Tokamak Exploitation Team.

* Author to whom any correspondence should be addressed.

Original content from this work may be used under the

BY terms of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1741-4326/26/086036+17$33.00  Printed in the UK 1 © 2026, ITER Organization


https://doi.org/10.1088/1741-4326/ae80e3
https://orcid.org/0000-0001-7962-1093
https://orcid.org/0000-0002-7254-3501
https://orcid.org/0009-0002-3793-7211
https://orcid.org/0000-0001-9455-2698
https://orcid.org/0000-0002-2458-8377
https://orcid.org/0000-0002-2004-3513
https://orcid.org/0000-0001-9314-9784
https://orcid.org/0000-0001-9592-1117
https://orcid.org/0009-0003-4944-6580
mailto:javier.artola@iter.org
http://crossmark.crossref.org/dialog/?doi=10.1088/1741-4326/ae80e3&domain=pdf&date_stamp=2026-7-14
https://doi.org/10.1088/1741-4326/ad5a21
https://doi.org/10.1088/1741-4326/ad3e16
https://doi.org/10.1088/1741-4326/ad2be4
https://creativecommons.org/licenses/by/4.0/

Nucl. Fusion 66 (2026) 086036

F.J. Artola et al

Keywords: disruptions, ITER, JET, VDE, halo current, heat flux, validation

(Some figures may appear in colour only in the online journal)

1. Introduction

The modelling of 3D thermal loads during tokamak disrup-
tions remains largely unexplored, with no reliable modelling
tools to predict future machines. During the thermal quench
(TQ) and current quench (CQ) phases of disruptions at high
plasma currents, the rapid loss of thermal and magnetic energy
can cause severe melting of plasma-facing components (PFC)
[1, 2], leading potentially to extremely costly operational
delays, especially in nuclear devices. Predictive, and as real-
istic as possible modelling tools, are therefore essential to
establish disruption mitigation needs and assess the disruption
budget [3] for next step tokamaks.

Among the different types of disruptions, unmitigated ver-
tical displacement events (UVDESs) are expected to be the most
detrimental to PFCs. By definition, in UVDEs most of the
plasma energy is lost through parallel transport along open
field lines and the radiated energy fraction is low [4]. The
dominant parallel loss channel focuses thermal loads into nar-
rower regions and yields higher local energy densities. As a
result, PFC damage is much more severe than in radiative (or
mitigated) VDEs, where the energy is radiated and distributed
more uniformly over the PFCs. Figure 1 illustrates schemati-
cally the energy flow in an ITER UVDE (red arrows). UVDEs
also involve large-amplitude external kink modes, which fur-
ther increase thermal load localization due to toroidal asym-
metries. For a detailed comparison between UVDEs and radia-
tive disruptions, see [4].

Building on this physical picture, several studies have
already quantified ITER CQ thermal loads for upward-going
VDE:s [5-7]. For the ITER 2016 Baseline, Coburn et al used
the coupled DINA-SMITER-MEMOS-U workflow to evalu-
ate the impact of these events on the beryllium (Be) first wall
(FW) armour [6]. That analysis predicted melting for plasma
currents above I, > 7 MA and severe melt erosion at the nom-
inal 15 MA scenario. In the updated ITER 2024 baseline, Be is
replaced by tungsten (W) on the FW [8], which substantially
raises the melt threshold. Even so, axisymmetric TOKES [9]
simulations of the same VDE CQ still indicate melting onset
around /, ~ 10 MA for W [7].

Despite these advances, existing predictions rely on
axisymmetric assumptions that are questionable for the low
safety factor (g9s) conditions typical of such CQs. In [6], the
3D geometry of the first wall panels (FWPs) and the evolving
CQ equilibrium were included, but the 2D DINA [10] plasma
model required a toroidally symmetric parallel heat flux (g)).
The TOKES calculations are likewise axisymmetric and, in
addition, neglect both the 3D wall structure and the time evo-
lution of the magnetic equilibrium. When ggs drops below ~ 2,
which is typical of these events, large-scale external kink activ-
ity takes place. This breaks toroidal symmetry and can gen-
erate strong toroidal asymmetries in g|. The consequence is

potentially larger heat flux localization than those captured by
axisymmetric models, with correspondingly higher peak loads
on specific FWPs. It is therefore essential to assess how 3D
plasma dynamics modify the localization and magnitude of
CQ thermal loads, and to quantify the implications for melting
and erosion of the ITER 2024 W FW.

In this article, we report for the first time JOREK simu-
lations of UVDE heat loads which account for 3D plasma
loads using a toroidally shaped FW geometry (2016 Be ITER
baseline). Note the design for the final W FW (DT-1 phase
and beyond) has not been completed yet, and we will assume
that it will retain the main shaping features of the 2016 Be
baseline. Using the first-principles methodology described in
section 2, we simulate two dedicated upward-going UVDEs
in JET and validate the predicted thermal and current loads
in section 3. This successful validation increases confidence
in the model and motivates its application to ITER, where we
perform equivalent simulations and analyse the resulting ther-
mal loads (section 4). Finally, section 5 summarizes the main
findings and outlines directions for future work.

2. Methodology and model assumptions

The workflow employed to compute disruption-induced ther-
mal loads proceeds in three stages. First, nonlinear resistive-
MHD simulations of the VDE are performed with the JOREK
code (section 2.1), yielding time-resolved 3D magnetic fields
and plasma source terms such as parallel heat flux and halo
current channels. Second, a field line tracing post-processor
maps these plasma power and current loads onto a high-fidelity
3D model of the FW (section 2.2). Third, for each wall ele-
ment, a one-dimensional transient heat-conduction problem is
solved in the wall-normal direction, using the mapped heat
fluxes (section 2.3). From this, the peak surface temperature
is evaluated to assess whether melting occurs. Note that the
wall thermal response is evaluated in post-processing, with-
out feedback on the MHD evolution that may take place once
wall erosion arises (due to release of armour material into the
quenching plasma).

2.1 The JOREK MHD simulations

With the exception of the new JET case presented in section 3,
all MHD simulations used in this work were previously
reported in [4]. In the present article, we take the correspond-
ing output data and post-process it to quantify the thermal
loads on PFCs. Since the MHD dynamics and the full set of
modelling choices are described in [4], they are not repeated
here in detail. Instead, we briefly recall the model assump-
tions below and discuss what is their impact on the heat flux
evaluation.
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Figure 1. Schematic of the energy flow (red arrows) during an ITER UVDE simulation (see section 4) together with the first wall panel
indexing and the perpendicular heat fluxes on the ITER first wall. The equilibrium is taken at # = 0.391 s with g95s = 1.77.

2.1.1 MHD model set-up. =~ The plasma is time-evolved in
JOREK [11, 12] in the reduced-MHD approximation, cou-
pled to the thin-wall code STARWALL [13, 14] to capture the
plasma-vessel electromagnetic interaction via free-boundary
conditions for the magnetic field. The solved variables are
(1, ®,j,w,T), denoting the poloidal magnetic flux, electro-
static potential, toroidal current density, toroidal vorticity
and a single temperature defined as T = 27; = 2T,. Impurity
radiation physics and self-consistent plasma—wall interaction
(beyond the plasma-vessel feedback) are not included, and
ferromagnetic effects from the JET iron core are omitted.
Additionally, the plasma density is constant in time and space,
and the parallel main ion flow term is neglected (v =0).
Under these assumptions, the pre-TQ thermal energy (Ey,) and
the magnetic energy converted into ohmic heating during the
CQ (Eonm), are exhausted through parallel conduction and per-
pendicular convection.

These modelling choices reproduce global JET observables
(e.g. I, gos and vertical current centroid position (Zg,)) within
experimental bounds (see [4] and section 3). For ITER, the
same physics model was used but with a rescaling of diffu-
sive times to bring the very long unmitigated VDE evolution
into tractable runtimes (re-scaling factor of 60). In addition,
all simulations are resolved considering four toroidal Fourier
harmonics (n € [0,3]).

2.1.2. Boundary conditions and their implications for thermal
loads.  Dirichlet boundary conditions are used for all vari-
ables except for ¢ and j where the JOREK-STARWALL cou-
pling is implemented. These simplifications result in the no
flow condition (v-n = 0), leading to the following heat flux
form at the plasma—wall interface

q>~q =—x (T) VT, T = max(T, Tminﬁ,{”) , (D
where £ (T) is the Spitzer—Harm conductivity with a floor
value defined by Tmin,,iH . The temperature itself is imposed at

the boundary through a Dirichlet condition, with 7, =1 eV
in all simulations. This low boundary value is chosen to pre-
vent the far scrape-off layer (SOL) from becoming artificially
conducting. Note that if the far SOL remained too hot in the
model, its resistivity would be too low and spurious currents
could develop in regions that should in reality be effectively
vacuum-like. Such currents would provide an artificial stabi-
lizing response to the vertical plasma motion, effectively mim-
icking a conducting wall [15]. In experiments, however, the
far SOL is expected to be only weakly conducting because the
plasma density there is very low, which limits the ion flux to
the sheath and therefore the allowable parallel current density
[16]. At the same time, note that this boundary value does
not fix the overall halo resistance. When energy and halo cur-
rent flows develop, parallel 7, gradients arise near the JOREK
boundary, and the temperature in the conducting halo region is
then determined by the internal energy balance equation. The
halo resistance is therefore set by the internal temperature pro-
file, not directly by the imposed boundary value.

The heat conductivity is evaluated with a higher floor value,
Temm,.CH =30 eV, while the boundary temperature remains
T. =1 eV at the grid’s boundary. If x| were evaluated down
to 1 eV, the corresponding boundary layer would become so
steep that it could not be resolved with the spatial resolution
affordable in the present 3D simulations. Introducing a floor in
x| smooths these gradients sufficiently to make them numer-
ically tractable. Choosing a much larger value would artifi-
cially increase parallel transport in the core, whereas a much
smaller value would leave the boundary layer unresolved. The
choice of 30 eV is therefore a numerical compromise: it keeps
the boundary gradients resolvable while preserving a Spitzer—
Hérm conductive response in the plasma interior.

At first sight, these boundary choices may appear too crude
for a quantitative heat flux study. However, the JET valida-
tion in section 3 demonstrates good agreement for two dis-
charges that span a broad range in toroidal field (Br), I, and
density (n.). This indicates that the CQ conditions place the
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Figure 2. Wetted area (red) calculated in SMITER (a) and JOREK (b) for 6 out of the 18 poloidally distributed FWPs for a pre-disruptive
ITER X-point plasma (IMAS URI = imas:mdsplus?user = public;pulse = 135011;run = 7;database = ITER;version = 3 at 200 s).
Although only few FWPs are shown for conciseness, the rest of the FWPs present similar agreement between the two codes.

SOL in a conduction-limited regime, where results are insensi-
tive to the precise wall boundary value of 7¢. In a conduction-
limited SOL, the relevant control parameter is the Knudsen
number Kn = ),/ Ly, where )\, denotes the electron collision
mean-free-path and L the field line connection length to the
wall. Using representative CQ values from our simulations,
Te.core = 100 €V, ne = 8 10" m=—3, and L) =100 m, we find
A >~ 1.4 m and hence Kn ~ 0.014 < 0.1. This is consistent
with steep parallel temperature gradients set by Spitzer—Harm
conduction and weak sensitivity to the boundary condition
[17]. A fully self-consistent set of boundary conditions, such
as those described in [16], remains numerically intractable in
JOREK for the present type of disruption simulations [4]. It
is important to emphasize that partial implementation of such
models is insufficient. For example, imposing sheath boundary
conditions on the temperature alone still leaves the density at
the plasma—wall interface as a free parameter, which can easily
take higher values than pre-disruptive levels [16]. If the den-
sity is instead evolved self-consistently, including effects such
as neutral recycling, then sheath boundary conditions on the
electric potential must also be imposed in order to prevent the
formation of spurious currents in regions with low ion density,
which limits the ion flux and current flow as discussed above.

2.2. Field line tracing

Once g is obtained from the MHD simulations, it is mapped
from the axisymmetric JOREK boundary to the 3D wall ele-
ments. The incident heat flux, ¢, , is then computed by pro-
jecting the parallel heat flux onto the local wall-normal vec-
tor, g1 = q -, but only for wall elements identified as wet-
ted by the plasma. The wetted elements are identified by field
line tracing, following the approach of [6] and the implementa-
tion used in the SMITER code [18]. A wall element is defined
as wetted if the magnetic field line launched from its sur-
face reaches the plasma without intersecting any other wall
element over a prescribed maximum tracing distance, here-
after referred to as the minimum connection length for plasma
wetting, Lconn,min- In other words, if a field line hits another
wall element within L¢onn min, the original element is classi-
fied as shadowed (non-wetted). In the simulations employed
in this work we set Lconn,min = 5 m. This value is chosen to
reliably capture shadowing dominated by neighbouring FWPs.

For reference, an ITER FWP has a toroidal length of approx-
imately 1.5 m, SO Lconn,min = 5 m corresponds to more than
three panel lengths and is therefore considered sufficient to
capture shadowing by neighbouring FWPs. For JET, this cho-
sen length covers 26% of the toroidal circumference and about
17 toroidally distributed upper dump plates. As a consis-
tency check, JOREK was successfully benchmarked against
SMITER for the wetted-area calculation on the same 3D CAD
model of the ITER FWPs as depicted in figure 2. As a rep-
resentative example, the relative difference in the total wet-
ted surface area for FWP #4 is below 4%. These discrepan-
cies are not expected to arise from the field line method itself,
but rather from small differences introduced when the Grad—
Shafranov equation is recomputed in JOREK from the IMAS
data.

2.3. Wall temperature evolution

For each wall element, the transient temperature evolution
is obtained by solving an independent one-dimensional heat-
diffusion equation along the local surface normal. This treat-
ment is intentionally conservative: neglecting lateral (toroidal
or poloidal) heat spreading tends to slightly overestimate
the peak surface temperature. The thermal model employs
temperature-dependent specific heat capacity and thermal con-
ductivity for both W (ITER) and Be (JET), while the weak
temperature dependence of the solid density is neglected. At
the plasma-facing surface, the boundary condition prescribes
the heat flux density ¢ computed in section 2.2:

Ox front

where x is the coordinate normal to the surface and k(7) is
the temperature-dependent thermal conductivity. At the rear
surface, a zero-flux (thermally insulated) boundary condition
OT/0x = 0 is applied. For all simulations, a wall thickness of
12 mm is assumed, consistent with the ITER W FW armour
thickness in regions expected to receive the highest disrup-
tion loads [8]. Although the Be tiles in JET are thicker, neither
this difference nor the rear-side insulation assumption signifi-
cantly affects the results, since the disruption duration is much
shorter than the characteristic thermal diffusion time through
the material. As a consistency check, the numerical solver was
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Figure 3. Summary of the JET diagnostics used for thermal loads and halo currents in this study. Green boxes denote TC measurements
while light-red boxes denote shunt measurements (MS1/2). The black and thick rectangular outline shows a Rogowski coil (RC) and the
bottom table shows the toroidal coverage and availability for halo current measurements in each of the JET octants for the two pulses
analysed here. Empty elements in the bottom table denote that such diagnostics are simply not installed in those octants.

verified against the analytical solution for a fast, constant heat
pulse in the semi-infinite slab approximation, yielding excel-
lent agreement. For more details on the employed numerical
method, material properties and the consistency check, see
appendix.

3. Model validation in JET VDEs

In this section we apply the workflow detailed in section 2 to
two different JET upward-going UVDEs, namely pulse num-
bers #95110 and #84832 described in [19], with pre-disruptive
I, Br,andne of (1.1 MA, 1.2 T, 1.5 x 10" m~%) and (2.2 MA,
2.2'T, 8.0 x 10" m~3) respectively.

3.1 Measurement diagnostics in JET

Measurements of I,, Z.y, and their toroidal asymmetries are
obtained using the magnetic diagnostics and analysis meth-
ods described in [20], which were also employed for com-
parison with JOREK simulations in [4]. For the thermal load
analysis, sub-surface thermocouples (TC) are located in the
Be upper Dump Plates (DP) and in the Be upper inner-wall
protection limiters (‘sausage’ limiters, SAU/SAL). The upper
DP TCs are located in Octant 2, whereas the sausage-limiter
TCs are located in Octant 1. The poloidal positions of the
TC can be seen in figure 3. Because UVDEs are toroidally
asymmetric [20], measurements from a single toroidal sector
can be misleading. To assess the degree of toroidal asymmetry,
we also use halo current data from the so-called ‘mushroom’

shunt (MS) diagnostics, also shown in figure 3. These shunts
are installed in several octants, although some channels are
unavailable for the pulses modelled here due to technical
issues. Since halo currents and parallel heat fluxes to the wall
are both driven by the same MHD and connection length
geometry, a correlation between the two is expected. The shunt
signals therefore provide a proxy for the toroidal distribution
(and effective width) of the heat deposition in regions not
instrumented with TCs.

The TCs are used to reconstruct the total energy deposited
on the PFCs using the calorimetric inversion procedure
described in [21]. Although the upper DPs are instrumented
with sub-surface TCs, the calorimetric analysis requires inter-
nal thermal equilibrium within the tile volume, using long tile
cooling times for fitting. As a result, the inferred energy depo-
sition cannot be separated into pre-disruptive and disruption
deposited energy with this method, nor can the energy fluxes
during the TQ and CQ be distinguished. To isolate the disrup-
tion contribution, we subtract the energy measured in a refer-
ence discharge that is either non-disruptive or strongly miti-
gated. For discharge #95110, the reference is #95108 [19], in
which a neon shattered pellet was injected prior to the VDE.
For #84832, the reference is the non-disruptive pulse with very
similar characteristics (#85364). The low-1,, case used for sub-
traction is a repeat pulse from the same experimental session,
with identical programmed waveforms and nominal plasma
conditions up to the disruption time. The only intentional dif-
ference is the injection of a pure Ne mitigation pellet at the
onset of the VDE in one of the two pulses. These pulses are
described in [19], and are therefore not discussed further here.
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Table 1. Comparison of the main plasma parameters for the high current JET disruptive pulse #84832 and the non-disruptive reference
pulse #85 364 used to estimate the net energy deposited during the disruption in #84832.

#84832 #85364
Pulse type Unmitigated VDE Non-disruptive
I, (MA) 2.2 2.2
B (T) 2.1 2.2
Line-integrated density (10'° m~2) 1.7 1.5
Flat-top duration (s) 5.0 4.7
Confinement H-mode H-mode
Plasma volume (m®) 77.0 74.8
Maximum thermal energy (MJ) 5.8 5.7
: ) MS1 Ms2
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Figure 4. (Left) Comparison of simulated values (solid) with experimental values (dashed) for pulse #84832. (a) Plasma current and
poloidal halo currents. (b) Vertical displacement of the current-centroid. (c¢) Edge safety factor and toroidal peaking factor of the poloidal

halo currents. (d) n = 1 asymmetry of the vertical current moment as

defined in [20]. (Right) Toroidal current distribution measured by the

mushroom shunts MS1 (f), (h) and MS2 (g), (i) in JOREK (f), (g) and in the experiment (%), (i). The indices (e.g. # 8) show the octant on
which the measurement is taken. Note that Octants with not existing data are left blank. Panel (j) shows the halo current measured by
Rogowski coil HR301 (dashed red) and the minimum, average, and maximum currents obtained from a set of equivalent toroidally
distributed coils in JOREK. Note that the time has been shifted and that = 0 corresponds to 51.5517 s in the JET shot.

For the high I, case, the disruptive pulse #84832 is compared
with the non-disruptive reference pulse #85364. In this case,
the two pulses are not exact repeats, but they remain closely
matched in their main global parameters, as summarized in
table 1.

3.2. MHD simulation for discharge #84832

JET pulse #84832 has been simulated with JOREK using the
same physics model and numerical parameters as for pulse
#95110 [4]. Experimentally, this pulse underwent an H-L
back-transition followed by a loss of vertical stability [19]. In
contrast to #95110, discharge #84832 produced melting of the
upper DPs and visible release of Be droplets [22]. This can
be attributed to the substantially higher stored energies: the
magnetic energy was about four times larger, and the pre-TQ
thermal energy was 2.2 MJ compared to only 0.21 MJ in

#95110. These features make #84832 a particularly relevant
case for assessing thermal loads.

Figures 4(a)—(d) compare key global quantities between
simulation and experiment: I,, Z.,y and the n =1 asymme-
try of the vertical current moment (as defined in [20]). In all
cases, the simulated evolution follows the experimental trends
closely, giving confidence in the modelled global dynam-
ics. The toroidal distribution of halo currents is shown in
figure 4(f)—(7), where the mushroom shunt measurements are
compared with the field line tracing calculation from JOREK.
The simulations capture both the sign and magnitude of the
measured currents, although the toroidal pattern in JOREK
exhibits additional rotation (one full turn instead of a half turn).
The direction of this rotation differs from the experiment and
will require further investigation. Finally, figure 4(j) compares
the halo current measured by the Rogowski coil HR301 with
the range of values obtained from a set of virtual toroidally
distributed coils in JOREK. The simulated signals reproduce
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Figure 5. Global energy partition for #95110 (left) and #84832 (right). The first column shows the pre-disruptive stored energy, split into
thermal energy (grey) and poloidal magnetic energy (black, 0.5 ng). The second column (JET) shows the experimental energy partition:
radiated energy from KB5V (red), energy coupled to external conductors estimated from [23] using the CQ duration (blue), and the residual
conducted energy to PFCs (green). The third column (JOREK) shows the corresponding partition from the simulations, with the coupled
contribution computed by integrating the Poynting flux to external conductors.

the experimental magnitude when the toroidal sector corre-
sponding to the maximum current (in absolute magnitude) is
considered.

Regarding the duration of the energy deposition in the sim-
ulations, the TQ lasts about 0.54 and 2.7 ms for #95110 and
#84832, respectively. We define the TQ duration from the ther-
mal energy decay as 7%8‘90 = (fo., — t0.9) /0.7 where tx denotes
the time at which Ey, () = XEy(f = 0). A reliable estimate of
the experimental TQ duration was not possible for these dis-
charges, since the TQ is not clearly resolved in the available
signals. For the experimental(simulated) CQ duration, using
the standard Té%‘so definition, we obtain 18(16) and 46(52) ms
for #95110 and #84832, respectively.

3.3. Thermal load analysis

The total radiated fraction (f;oq) during the TQ and CQ in
the experiments, inferred from the vertical bolometer (KB5V)
system [24] iS fi.a = 28% for #95110 and 22% for #84832. To
calculate this fraction, we have evaluated the global energy
partition for these pulses following the procedure of [23].
Figure 5 summarizes the result. The first column shows the
pre-disruptive stored energies, namely the thermal energy and
the poloidal magnetic energy. The second column shows the
experimental partition of this energy into radiation, coupling to
external conductors, and conducted energy to PFCs. The cou-
pled fraction (blue) is estimated using the dependence in [23]
as a function of the CQ duration, yielding 45% for #95110 and
40% for #84832. The conducted energy to PFCs (green) is then
obtained as the residual after subtracting the radiated and cou-
pled contributions from the total pre-disruptive energy. The
third column shows the corresponding partition from JOREK.
In the simulations, the coupled energy is obtained by time-
integrating the Poynting flux at the JOREK boundary, while
the conducted contribution is evaluated by integrating directly
the boundary heat fluxes.

Following the workflow described in section 2 and the
experimental set-up in section 3.1, the deposited energies in
the upper DPs for both discharges are shown in figure 6. The

figure compares the energy deposited on the DPs in Octant 2 as
reconstructed from the experiments (blue bars) with the sim-
ulated deposited energy at three representative toroidal loca-
tions (red, yellow, and green lines) out of the 64 toroidally
distributed DPs (64 per poloidal position of each DP). These
three simulated profiles correspond to the toroidal locations
for which the total deposited energy (poloidally integrated) on
the upper DPs is respectively maximal, minimal, and closest to
the toroidal average. Since radiation cooling is not included in
the JOREK simulations, the computed heat fluxes have been
rescaled by a factor (1 — f;,q4) for a consistent comparison. By
comparing the red and yellow traces in figure 6, we infer that
toroidal asymmetries in the deposited energy are on the order
of ~20%. The largest asymmetry is found in upper DP 8,
caused primarily by the TQ phase, which concentrates most
of its thermal energy deposition on that plate.

Starting with a pre-disruptive wall temperature of 200°C
for this discharge [22], figure 7 shows the maximum surface
temperature reached in the JET upper DPs (max (7(¢)) for
each element separately) as predicted by the JOREK heat flux
calculations. For discharge #95110 (left), no melting is pre-
dicted, consistent with the absence of visible melt damage in
the experiment. In contrast, for discharge #84832 (right), melt-
ing of Be is predicted on upper DPs 7 and 8 (black points),
in agreement with the experimental observation of molten Be
release in this region [22]. The longest predicted melting dura-
tion occurs on upper DP 8, where the surface remains above
the Be melt temperature (1556 K) for approximately 6 ms.

A more detailed analysis of the JOREK output shows that,
for #84832, neither the TQ nor the CQ phase separately is
sufficient to produce significant melting (recall that the con-
tributions cannot be separated experimentally). This can be
seen in figure 8, where the thermal load analysis is performed
considering the TQ and CQ separately. Considering only the
TQ fluxes yields at most mild surface melting, with a dura-
tion below 0.6 ms, while the CQ loads alone do not raise the
surface temperature above the melt point. Melting is obtained
only when both phases are combined: the TQ acts to pre-heat
the PFC surface, and the subsequent CQ heat loads then sustain
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with significant energy deposition in this region.

and further increase the surface temperature. As also discussed
in [25], this illustrates the importance of capturing the com-
bined action of both disruption phases for accurate melt pre-
dictions in these JET cases.

3.4. Characterization of the deposition area

A key result of this study is that the conducted energy is
deposited over an area that extends well beyond the upper
DPs. This is illustrated in figure 9(left), where we compare
the total conducted energy inferred from the global energy
balance (figure 5) with the fraction measured by TCs. Since
the TC data are available only in Octant 2, the experimen-
tal estimate of the total energy deposited on the upper DPs is
obtained by a simple toroidal extrapolation, assuming toroidal
symmetry. In particular, we separate the energy measured at
the upper DPs from that measured at the inner-wall protec-
tion limiters (SAU/SAL). Both the experimental reconstruc-
tion and the JOREK simulations indicate that only about half
of the conducted energy is deposited on the upper DPs and
SAU/SAL locations. The remaining fraction must therefore
be deposited on other PFCs, which confirms that the heat-
load footprint is broad rather than confined to the upper DP
region.

A discrepancy appears for the SAU/SAL contribution. The
TCs indicate that the energy reaching the SAU/SAL limiters
is ~1% of the total conducted energy, whereas JOREK pre-
dicts a much larger fraction, around 14%. We suspect that this
difference is given by a diagnostic or analysis issue for the
SAU/SAL TC signal. This interpretation is supported by the
wide-angle IR measurements, which show significant heat-
ing in the same region and at the same toroidal location
(octant 1) where the SAU/SAL TCs are installed (see red cir-
cle in figure 9, right). Moreover, the Rogowski coil collect-
ing current from the SAL/SAU limiters (figure 3, RC) mea-
sures substantial current flow. Although it is located in octant 3
(rather than octant 1), its signal is comparable to the simulated
value (figure 4(j)). This further supports the interpretation

that the SAL/SAU limiters carry appreciable halo current and
are therefore expected to experience non-negligible thermal
loads.

‘We now turn to compute an effective energy deposition area
from the JOREK modelling results, which may provide a prac-
tical parametrization for engineering assessments of thermal
loads. For this purpose, we time-integrate the perpendicu-
lar heat flux on the upper DPs, ¢, to obtain the deposited
energy per unit surface area, wgep. Since the TQ and CQ
exhibit markedly different deposition patterns, we evaluate
Wqep for each phase separately. The resulting maps are shown
in figures 10 and 11 for pulses #95110 and #84832, respec-
tively. We then define an effective deposition area for each
phase as

@

where Egep is the total energy deposited during the phase
(taken here as Ey, for the TQ and Eg, for the CQ), and
Wenar 18 @ characteristic surface energy density. We choose
Wehar = 0.5 max(wgep), Which provides a simple and repro-
ducible measure anchored to the peak loading. With this defi-
nition, we obtain Ac = 0.42 m? and 0.50 m? for the TQ, and
Aerr = 3.9 m? and 6.2 m? for the CQ, for #95110 and #84832,
respectively. Notably, these simulated effective areas depend
only weakly on the overall energy content. Note that Ey, and
E,nm differ by roughly factors of 10 and 4 between the two
pulses, yet the corresponding A values remain similar.
Another practical question is whether the conducted energy
and the halo current exhibit similar deposition profiles dur-
ing the CQ. Consider a given flux tube in the halo region
and assume negligible radiation. In this simplified picture,
the electron temperature is set by a balance between ohmic
heating along the tube and end losses at the wall. The end

losses scale as g o neTz/ 2 (sheath-limited), while the ohmic
heating scales as nJﬁ with poc Te 3/2 (Spitzer resistivity).
Combining these scalings yields g o< /neJ), suggesting that
current and heat should follow comparable spatial footprints.
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Unfortunately, current measurements are not available at the
upper DPs to confirm this finding. We therefore utilize the
JOREK simulations as basis, where energy and current pro-
files have been validated with the available TCs for the energy
deposition and MS and RC for the current flow when available.
Figure 12 compares the time-integrated, toroidally averaged
profiles of ¢, and of the normal current density, J, = |J-n|,
for pulse #95110 (dashed) and #84832 (solid) as per the simu-
lations. Although the two profiles do not exactly overlap, both
quantities exhibit very similar decay lengths. A further notable
feature is the width of the profiles, with large radial decay
lengths of the order 0.5 m.

4. Prediction for a high current ITER VDE

Having established a reasonably successful validation of the
modelling workflow against dedicated JET UVDE experi-
ments in section 3, we now turn to predictions for ITER. We
focus on an upward-going UVDE simulated with JOREK,

which corresponds to the case with a CQ duration of 240 ms
in [4] and stored in the ITER IMAS database with identi-
fier 3d4945e892d711f0b63748df37¢40550. This case repre-
sents the maximum magnetic energy content of ITER dis-
ruptions, since it assumes the maximum I, = 15 MA. At
the same time, this is an L-mode plasma and the pre-TQ
thermal energy is modest, about 25 MJ, which is much
smaller than the ~ 350 MJ of thermal energy stored in a
fully developed Q = 10 H-mode scenario. Consequently, the
results presented here should be regarded as a worst-case sce-
nario for CQ-induced thermal loads, but not for TQ loads.
The latter could be considerably more severe in the event
of a loss of vertical control in a fully developed Q =10
plasma without disruption mitigation, which is a situation
that is expected to be extremely rare during ITER opera-
tion. Impurity radiation is not included in these ITER simula-
tions. The computed heat fluxes should therefore be regarded
as conservative from this point of view, since additional
radiative losses would reduce the conducted energy reaching
the PFCs.
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Figure 13(left) presents the maximum surface temperature
attained during the disruption for each wall element separately,
assuming a pre-disruptive wall temperature of 500°C>. The
map is subdivided into individual FWPs for reference. The first
instances of melting appear during the TQ, which lasts about
6 ms, affecting FWP #11. However, in this case the surface
remains above the W melt threshold for only ~ 2 ms, as shown
in figure 13(right). As the CQ proceeds and the plasma col-
umn drifts upward, the load shifts progressively upwards and
inwards (with FWP #7 being the uppermost FWP receiving
significant loads). The most pronounced melting is predicted
on FWP #10, with melt durations reaching several tens of mil-
liseconds. Importantly, these events are not located on the main
areas of the panel surfaces, but rather near the panel edges

5 This temperature value is expected to be reasonable during burning plasma
operation on the upper FWPs heated by stationary heat fluxes on the secondary
X-point region (FWPs #7-9). However, such assumption overestimates the
final temperature in other FWPs such as #10 and #11.

where the local incidence angle between field lines and the
wall normal becomes nearly perpendicular (due to the stronger
toroidal shaping in the panel wings). Such conditions occur
on FWPs #10 and #11, where the open geometry around the
ITER upper ports allows deeper penetration of magnetic field
lines. For the range of FWPs #8—#11, localized melting can be
observed on the main FWP areas with melt durations typically
below 20 ms.

We now turn to assess the impact of toroidal asymmetries
on the predicted thermal response. To quantify this effect, we
construct a reference ‘axisymmetric’ load by toroidally aver-
aging the magnetic field and g, before performing the field
line tracing and thermal calculations. The resulting maximum
surface temperature map is shown in figure 14(left). In this
toroidally averaged case, only a few elements of the edges
exceed transiently the W melting temperature, indicating that
an axisymmetric model would not predict significant dam-
age for this scenario. We then evaluate the toroidal localiza-
tion of the loads by comparing the fully 3D simulation to
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the axisymmetric reference. Specifically, we define a toroidal
peaking factor as the ratio of the temperature rise in the 3D
case to that obtained with toroidally averaged fields, as shown
in figure 14(right). The peaking is largest during the TQ, reach-
ing values of ~ 3.5 on panel #1 1. During the CQ the asymme-
try is weaker but still significant, with typical peaking factors
of order 2 on the main impacted panels #7—#9.

The toroidally averaged reference case (figure 14 left)
should not be interpreted as equivalent to previous axisym-
metric disruption load calculations such as those obtained with
the TOKES code [7]. In the present workflow, the axisym-
metric temperature map is constructed by toroidally averag-
ing the 3D JOREK magnetic field and ¢, while still retaining
the time evolution of the equilibrium and the resulting broad
poloidal deposition pattern. By contrast, the TOKES estimates
reported in [7] assumed a fixed equilibrium and a much nar-
rower prescribed deposition width, A\g = 3.5 cm. This differ-
ence is important: even in the toroidally averaged JOREK case,
the MHD driven broadening substantially reduces the peak

loads. The weaker temperature rise in figure 14(left) is there-
fore consistent with the broader deposition widths predicted by
JOREK, and does not contradict the stronger melting obtained
in more localized axisymmetric calculations.

Following the same approach as in section 3.4, we evalu-
ate the deposited energy density for the ITER case and sepa-
rate the contributions from the TQ and CQ (figure 15). The
TQ footprint is much more localized, both poloidally and
toroidally, than the CQ footprint. However, the absolute load-
ing is substantially larger during the CQ because much more
energy is available. Over the main affected panel areas we find
WX ~ 4 MIm~?2 during the TQ, compared to ~ 20 MIm~2
during the CQ. This difference is consistent with the available
energies, with 25 MJ released during the TQ versus 637 MJ
of deposited magnetic energy during the CQ. Using these
characteristic values, the corresponding effective deposition
areas are Aq ~ 12 m? for the TQ and A ~ 64 m? for the
CQ. Expressed as a fraction of the total FW surface area, the
values obtained in this work are approximately 0.23% and
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0.27% for the TQ, and 2.2% and 3.4% for the CQ, for the two
JET cases; for the ITER case the corresponding fractions are
1.5% (TQ) and 9.1% (CQ). Although these values suggest that
the impacted wall fraction is larger in ITER than in JET, the
present dataset is too limited to infer a general scaling across
devices or disruption phases. Such differences may reflect both
plasma effects and geometrical factors, including the specific
shaping of the PFCs. In the relevant regions, the field line inci-
dence angle is about 20° in JET and about 10° in ITER. For a
fixed g, this implies a smaller g, in JET and therefore about
twice the inferred A if a wall shaping similar to that of ITER
were assumed.

We now address whether the conducted energy and the
halo current exhibit comparable deposition profiles during the
CQ. The physical argument and assumptions are identical to
those discussed for JET in section 3.4 and are not repeated
here. Figure 16 shows the toroidally averaged, time-integrated
profiles of waep = [ dr and jgep = [J dt with J | = |J - n],
extracted along the JOREK domain during the CQ. Consistent
with the JET findings, both quantities are expected to display
similar spatial footprints and comparable decay lengths, sup-
porting the use of halo current patterns as a proxy for the local-
ization of conducted energy.

One may notice the broadness of the CQ deposition foot-
print in figure 15. Since this width is a key input for engineer-
ing assessments, it is important to clarify its physical origin. A
plausible hypothesis is that the footprint is set by the extent to
which open field lines penetrate into the confined plasma. In
this picture, the broader the region of FW points magnetically
connected to the plasma interior, the broader the resulting heat
and current deposited on PFCs. We note that a similar physics
picture applies to the power deposited in plasma facing com-
ponents by the application of resonant magnetic perturbations
(RMPs) for ELM control (see [26] and references therein).

To test this idea, we trace magnetic field lines from the
FW (starting at a given v, wan) towards the plasma and record
the deepest penetration they achieve, quantified by the mini-
mum normalized poloidal flux encountered along the trajec-
tory, ¥, min. For this diagnostic we compute 1), using only
the axisymmetric component (n = 0) of the simulation, which
provides well-defined flux surfaces that serve as a convenient
reference. If the heat flux is primarily controlled by magnetic
connection to the core, we expect the largest g at wall loca-
tions for which the corresponding field lines reach further
into the plasma, i.e. for which ), mi is significantly below
unity. Figure 17 compares, at three representative times,
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the toroidally averaged parallel heat flux at the wall, (g )4,
with the corresponding ), min obtained from field line trac-
ing. A clear correlation is observed: the radial extent of the
heat flux footprint coincides with the region where field lines
satisfy 9y min(Yn,wan) < 1, i.e. where they penetrate inside
the last closed flux surface. Moreover, some correlation can
also be observed between the density of field lines penetrat-
ing deep into the core and the heat flux profile, although
this point requires further investigation. This indicates that
the CQ footprint width in UVDEs is controlled primarily by
the 3D MHD driven deformation of the magnetic topology,
which sets how far core connected field lines spread into
the SOL.

An important implication is that purely axisymmetric mod-
els cannot predict this deposition width self-consistently,
unless supplemented by additional information on the ampli-
tude of the non-axisymmetric MHD perturbations. The strong
link between mode amplitude and effective footprint suggests
the development of reduced descriptions in which physics-
informed estimates of the perturbation strength (given a g-
profile) are mapped onto an effective connection width (or cor-
responding transport coefficient) for use in faster engineering-
oriented tools such as DINA (or JOREK in its axisym-
metric version). In this interpretation, the dominant control
of the halo/footprint width is the 3D magnetic connection,
rather than solely resistive or diffusive mechanisms previously
invoked.

5. Conclusions and outlook

We have combined MHD simulations, field line tracing on a
realistic 3D wall, and a transient wall thermal response model
to study UVDEs in JET and ITER. Validation against two
dedicated JET discharges shows that the simulations repro-
duce the global evolution of the measured plasma current,
current-centroid motion, current asymmetries and yield rea-
sonable agreement with thermocouple inferred energy depo-
sition. Although boundary conditions are simplified, the CQ
appears to be conduction-limited, which reduces sensitivity to
such simplifications. Consistent with experiment, melting of
Be PFCs is predicted for the high current JET case and not
for the lower current case; crucially, the melting requires the
combined action of the TQ and CQ, with the TQ preheating
the surface and the CQ sustaining and amplifying the tem-
perature rise. These validated heat load cases may provide
physics based inputs for dedicated melt motion modelling (e.g.
MEMENTO [27]).

Applying the workflow to ITER, we considered a 15 MA
unmitigated upward VDE with a 240 ms CQ. The main cham-
ber W FWPs experience only marginal melting with short
durations, whereas more substantial melting (which can reach
melt durations of several tens of milliseconds) is localized to
exposed panel edges near the upper ports where field lines
intersect the wall at near-normal incidence. Toroidal plasma
asymmetries amplify local peak surface temperatures relative

to axisymmetric assumptions typically by a factor of 2 during
the CQ and 3.5 during the TQ, highlighting the need for fully
3D treatments. At the same time, the MHD dynamics broaden
the heat flux profiles compared with axisymmetric transport/e-
quilibrium workflows (e.g. DINA and TOKES), which would
otherwise over-localize the loads. For example, 2D TOKES
simulations for the W FWPs predicted CQ melting already at
10 MA considering a fixed equilibrium and poloidal energy
deposition width Ag = 3.5 cm. Despite a two-fold increase in
energy (15 MA) and toroidal localization, the JOREK simu-
lations show marginal melting due to the moving equilibrium
and MHD spreading, leading to much broader Ag in the range
of several tens of cm.

For engineering-oriented metrics, we quantified effective
deposition areas for ITER from the deposited energy density
maps. Using the characteristic surface loadings obtained in
figure 15, we find Acgr ~ 12 m? for the TQ and A ~ 64 m?
for the CQ. In addition, the simulations show that heat and
current channels are tightly linked during the CQ: the time-
integrated profiles of deposited energy density and normal cur-
rent density exhibit similar spatial footprints and decay lengths
(figure 16), supporting the use of halo current patterns as a
proxy for the localization of conducted energy when direct
heat flux measurements are not available. We also provided
evidence that the broadening of the CQ footprint is set by
magnetic connection rather than solely by resistive or diffu-
sive broadening. Field line tracing demonstrates that the radial
extent of (g|)¢ coincides with the region where field lines
intersecting the wall penetrate inside the last closed flux sur-
face, 1, min < 1 (figure 17). This links the effective footprint
width directly to the extent over which field lines open and
connect to the confined plasma, i.e. to the 3D MHD-driven
deformation of the magnetic topology.

Overall, this state-of-the-art workflow highlights that the
ITER W FW is markedly more resilient to disruption heat
loads than the previous Be armoured wall, easing CQ thermal-
mitigation requirements. Because radiation and impurity
effects are neglected here, the reported temperatures and melt
durations may also be regarded as conservative. Future work
should extend the physics fidelity of the JOREK simulations
by including radiation and impurities, refining boundary con-
ditions (sheath physics and density evolution), and explor-
ing TQ dominated scenarios with higher thermal energies.
Coupling the present heat load predictions to melt evolution
solvers will enable assessments of melt layer motion, droplet
ejection, and lifetime impacts. TOKES simulations of the TQ
with input guided by these results, have been produced and
will be reported in a forthcoming publication. The impact of W
evaporation and plasma radiation as a self mitigation mecha-
nism (vapour shielding) can also be investigated with TOKES.
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Appendix. Wall temperature calculation and
material properties

For each wall element, the temperature evolution is
obtained from the following one dimensional heat diffusion

equation
oT
(mn a)

where T(x,t) is the material temperature, x is the coordi-
nate normal to the plasma facing surface, p is the mass den-
sity, ¢p is the specific heat capacity, and K is the thermal
conductivity. In the present model, ¢, and K are tempera-
ture dependent, while p is taken as constant. The equation
is solved independently for each wall element, assuming
1D heat flow across the wall thickness. A finite differ-
ence discretization with an explicit Euler scheme is used,
with 120 radial grid points. The time step is selected auto-
matically and kept 100 times smaller than the CFL stabil-
ity limit. The boundary conditions are those described in
section 2.3.

)
ot pey(T) Ox

3

Material properties
The temperature dependence for the specific heat capacity for
W is taken from the following interpolating polynomial [28]

W
p

(T) [J (kg K)_l} = 135.76+9.1159 x 107°T
5233 % 10°
+2.3134 x 107973 — %

“

with T[K]. For Be, the following polynomial is used derived
from [29, 30]

B (Te) [J (ke K)*l} = 1.741434 x 10° + 3.344647 Tc

—3.143247 x 103 T& + 1.310600

x 10797 — 1.338948 x 10~ ' T¢
®)

where Tc = T[K] — 273.15. The thermal conductivity for W is
given by [31]

23419.9

T
(6)

K (1) [w (m K)_l} —108.34 — 1.052 x 1072T +

with T[K]. For Be, the following polynomial is used derived
from [29, 30]

KB (T¢) [w (m K)*l] = 2.073906 x 10 — 4.470410

x 107! T +7.959136 x 10~*T2
—7.354535 x 1077 T2 +2.472945
x 1071°7¢ (7

where T¢ = T[K] —273.15. In addition, a constant value of
84.7 W(m K)~! is used for temperatures beyond the melt
threshold. These fits are not extrapolated beyond their valid-
ity range. Outside that range, the closest tabulated value is
retained. For Be, a constant value of 84.7 Wm~'K~! is used
above the melting temperature. The temperature dependence
of the heat capacity and the thermal conductivity is displayed
in figure 18. The resulting thermal diffusivity, x = K/(pcp),
is shown in figure 19. For the wall thickness considered here
(12 mm), the corresponding diffusion times 7 ~ Ltzhick /x are
typically of the order of seconds.

Verification

The numerical solver was verified against the analytical solu-
tion for a constant heat pulse applied to a semi-infinite slab. In
this limit, a constant heat flux ¢ applied during a time Az gives
a surface temperature rise [32]

_ 2 gVE
VT \/Kpey .

Using ¢ =10 MWm™2, Ar=1 ms, tungsten properties at
1000 K, and the numerical parameters adopted in this work,
the relative difference between the analytical and numerical
solutions is 1.55%.

AT (8)
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Volumetric heat capacity vs temperature

Thermal conductivity vs temperature
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Figure 18. Volumetric heat capacity (left) and thermal conductivity (right) as a function of the material temperature for Be and W employed
in this work. The material density is taken as independent of T and set to 19540 kg m ™~ for W and to 1750 kg m—> for Be.
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Figure 19. Heat diffusion coefficient as a function of temperature
for Be and W.
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