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Abstract
The vertical motion and shrinking of the cold plasma column after a tokamak disruption leads to
a natural decrease in the edge safety factor when most of the current is carried by runaway
electrons (REs). Reaching a low edge safety factor can potentially cause a strong plasma
instability. We present magnetohydrodynamic simulations of the termination of a
post-disruption plateau-phase RE beam in ITER when the edge safety factor falls close to two.
Growth of instabilities is observed to result in stochastization of the magnetic field and a prompt
loss of REs. As RE impact must be mitigated in ITER, the effect of parameters that influence
the final termination have been assessed. Higher background plasma resistivity is seen to cause
larger mode magnitudes and stronger stochastization, leading to less remnant REs after the
termination event. Lower ion-densities also project a qualitatively similar behavior although
weaker in effect. Using computations from a wall collision model, the ensuing load distribution
on the first-wall is also presented.

Keywords: runaway electrons, ITER, tokamak, disruption, benign termination, MHD,
stochastic fields

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

1. Introduction

Tokamak plasma discharges can get terminated abruptly due to
the stochastization of the magnetic field caused by large scale
magnetohydrodynamic (MHD) instabilities [9, 30]. During a
disruption, the plasma loses a large fraction of its thermal

a See Hoelzl et al 2021 (https://doi.org/10.1088/1741-4326/abf99f) for the
JOREK Team.
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energy on a fast timescale of typically 1ms in the biggest exist-
ing devices like JET, which is referred to as a thermal-quench
(TQ). This increases the electrical resistivity of the plasma by
a few orders of magnitude, and in turn leads to a decay of the
plasma current causing a current-quench (CQ). Under certain
plasma conditions, the current quench can result in the simul-
taneous formation of a high-energy beam of relativistic run-
away electrons (REs), that carry nearly all the plasma current,
which can be a significant fraction of the pre-disruption current
[10, 19, 29]. Uncontrolled loss of REs can result in localized
deep melting of the plasma facing components [21, 24, 27],
and potentially also in the damage of cooling pipes. While
REs have caused damage in the past, they are not a serious
issue in existing tokamak experiments. However, in fusion-
grade tokamaks such as ITER and beyond, unmitigated RE
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beams could potentially cause significant structural damage
and machine downtime. Therefore it is essential to assess the
potential impact of REs in ITER and devise robust mitigation
strategies.

Several RE mitigation strategies have been proposed in
the recent years, most of which typically involve well timed
massive injection of impurities and/or Deuterium into the
plasma [6]. Potentially promising among them has been the
massive injection of Deuterium into the plasma during the
RE plateau phase, that led to benign terminations wherein
negligible wall damage was observed [25, 26]. Benign ter-
minations using such a strategy were reported in several
devices including JET, DIII-D, AUG and TCV [15]. The
main goal of the present work is to assess the feasibility
of benign terminations in ITER. While several factors play
a role in such benign terminations, an eventual fast MHD
crash has been a common feature observed, that is under-
stood to cause distributed RE loads on the first-wall. At
the same time, Deuterium injection is understood to cause
a flushout of impurities, which ensures that any remnant
RE population after such a crash does not re-avalanche effi-
ciently. From the above discussion, it is clear that (a) an MHD
instability, (b) drivers to ensure that the instability causes a
strong enough crash, and (c) a deficiency of impurities in
the plasma are the likely main ingredients in such benign
terminations.

The MHD crash itself can be caused due to favorable con-
ditions such as a hollow current density profile that is double-
tearing-mode unstable or via a low edge safety factor (q95).
In ITER (and in any other device in general), a low value of
q95 can in fact occur naturally during the RE plateau phase.
This is attributed to two factors. The post TQ plasma invari-
ably undergoes a vertical motion (cold VDE) causing a shrink-
ing of the plasma minor radius (a). At the same time, REs are
not subjected to resistive decay which ensures that the plasma
current (Ip) does not vary significantly during the RE plateau
phase. Due to the scaling q95 ∼ a2/Ip, the edge safety factor
therefore effectively decreases. This is the main motivation of
the present work, wherein we use non-linear 3D MHD sim-
ulations to investigate whether such a plausible low q95 con-
dition in ITER can cause a crash and RE beam termination.
The non-linear MHD code JOREK [7, 13, 17] including a RE
fluid model [2] is used for this purpose. In addition, a high res-
istivity and/or a low ion-density are possible drivers in ensur-
ing that an MHD unstable state actually ends up in a crash
and a near-complete loss of REs. This is important due to the
fact that both resistivity as well as ion-density will be modi-
fied by Deuterium injection. Therefore we also investigate the
individual effects of resistivity and ion-density on the termin-
ation, in view of assessing if the Deuterium SPI scheme can
work in ITER similar to how it seems to work in the existing
devices. Finally, whether a termination event of such nature is
benign or not depends on the actual deposition pattern on the
first wall surface. This is assessed via test particle tracing and
a wall collision model.

The paper is organized as follows. In section 2, the RE fluid
model in JOREK used in this work is described briefly, fol-
lowed in section 3 by a description of the simulation setup and
starting state of the 3D simulations. In section 4, the results of
the simulations are discussed including the effects of resistiv-
ity, ion-density; and also the wall loading. This is followed
by a summary of the main conclusions and a brief outlook in
section 5.

2. RE fluid and MHD model

For the present simulations, we use a reduced MHD model
in the JOREK code with the inclusion of impurities and RE
fluid. The magnetic field (B), electric field (E) and the ion-
fluid velocity (v) are respectively expressed as

B=
1
R
∇ψ × eϕ +

F0

R
eϕ (2.1)

E=−F0∇u−
1
R
∂tψ (2.2)

v≈−R∇u× eϕ (2.3)

where ψ is the poloidal magnetic flux, R is the major radial
coordinate, eϕ is the unit vector in the toroidal direction
and F0u is the electric potential (with F0 = R0Bϕ0 being the
major radius at the geometric center times the vacuum tor-
oidal magnetic field). We neglect the parallel velocity of back-
ground ions and impurities (v∥ = 0) in this specific study.
Comprehensive details of the reducedMHDmodels in JOREK
can be found in [13]. Impurities are considered as a separ-
ate fluid and their density (ρimp) is evolved via E×B advec-
tion, along with diffusive transport and volumetric source as
necessary. A coronal equilibrium model is used to obtain the
charge state distribution of the impurities as a function of the
background plasma properties. Furthermore, the temperatures
encountered in our simulations do not go significantly below
∼ 2eV, and hence the fraction of neutrals is negligible. In view
of this, we do not track Deuterium neutrals in the present
simulations,
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j =∆∗ψ (2.6)

ω =∇· (∇⊥u) (2.7)

∂ρ

∂t
= R [ρ,u] + 2ρ∂Zu+∇·

[
D∥,D∇∥ (ρ− ρimp)

+D⊥,D∇⊥ (ρ− ρimp)]+∇·
[
D∥,imp∇∥ρimp

+D⊥,imp∇⊥ρimp] + SD + Simp (2.8)
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∂ρimp

∂t
= R [ρimp,u] + 2ρimp∂Zu+∇·

(
D∥,imp∇∥ρimp

+D⊥,imp∇⊥ρimp)+ Simp (2.10)

∂nr
∂t

=∇·
(
D∥,RE∇∥nr

)
+R [nr,u] + 2nr∂Zu+ SAval. (2.11)

The REs are treated as a separate fluid species and only
their number density nr is evolved. The momentum and pitch
angle of the REs are not tracked in this model. The total cur-
rent density is expressed as j= jth + jr = jth − ecnrb̂, where
jth is the thermal current density, jr is the RE current dens-
ity, nr the RE number density, e the electron charge, c the
speed of light and b̂ the unit vector along the magnetic field.
Perpendicular transport of the RE fluid is modeled usingE×B
advection. For the parallel transport, modeling parallel advec-
tion at the speed of light would be computationally prohibit-
ive. Therefore we use a large parallel diffusion as an adhoc to
mimic the physical advection at the speed of light. As shown
in our earlier studies [3], fast parallel diffusion captures the
fast lost of REs along the stochastic field lines adequately.
The RE source of relevance here is only the avalanche (since
we start with a full RE beam), which is computed taking into
account the effective critical electric field and the effects of
bound electrons in the partially-ionized impurities [11, 12].
The RE fluid interacts with the background plasma electro-
magnetically via a current-coupling, meaning that only the
thermal part of the current density is subjected to resistive
decay in the generalized Ohm’s law. This also reflects in the
corresponding Ohmic heating term, wherein the RE current
density would not contribute. It must be noted that RE fluid
models are also used in other MHD codes like EXTREM and
M3D-C1 [18, 20].

The set of governing equations solved in the normalized
form are shown above (excluding hyperdiffusion and numer-
ical stabilization terms for brevity), where η is the elec-
trical resistivity of the background plasma, ηh is the hyper-
resistivity, ω is the toroidal component of vorticity, ρimp

is the impurity density, ρ is the total mass density includ-
ing Deuterium ions and impurities and βimp =

mi
mimp

⟨Zimp⟩− 1

(with ⟨Zimp⟩ being the average impurity charge). In addition,
Lrad is the impurity radiation (including line, recombination
and Bremsstrahlung), Lrad,Dcont is the continuous radiation due
toDeuterium ions and SAval is the RE avalanche source. Details
of normalization can be found in [2 and 13].

Consistent magnetic boundary conditions are applied
through the standard boundary integral approach using
Green’s functions, which obviates the need to extend the sim-
ulation domain beyond the plasma region. Referred to as
JOREK-STARWALL coupling [1, 14, 22], this approach also

enables the inclusion of the effect of various active and passive
conducting structures surrounding the plasma. For the rest of
the variables (non-magnetic), standard fixed boundary condi-
tions have been used.

3. Simulation setup and starting plasma state

The starting state of an RE beam in the plateau phase and with
q95 ∼ 2 for the present 3D simulations have been obtained
via a preceding 2D simulation. For the sake of brevity, we
present only a brief description of the various phases of the 2D
simulation. We start with the free-boundary equilibrium of an
elongated ITER-like plasma with Ip = 14.6MA and Te,core =
15KeV, including the active and passive conducting structures
surrounding the plasma. The conducting structures included
(via STARWALL coupling) are the inner and outer shells of the
vacuum vessel, poloidal field coils, central solenoid, divertor
inboard rail and the outer triangular support. The electrical res-
istivity of the vacuum vessel is taken to be ηwall = 0.8× 10−6

Ωmand the thickness of each shell is 6cm. The geometry of the
plasma and the conducting structures are shown in figure 1(a).

The plasma in equilibrium is first subjected to an artificial
TQ with simultaneous current-profile flattening. The current-
profile flattening is meant to mimic the flattening expected
due to Alfvenic activity during the thermal quench, and is
executed via a large hyperresistivity. At the end of this phase,
the plasma cools down to Te ≈ 20 eV with a relatively flat cur-
rent density profile. This was followed by a spatially uniform
introduction (1st injection) of Neon and Deuterium (∆nNe =
1.35× 1020m−3 and∆nD = 1.81× 1020m−3) and an RE seed
of 0.1A. This causes a simultaneous CQ and avalanche of
the RE seed along with a natural upward vertical motion of
the plasma (cold VDE), and eventually results in the form-
ation of an RE-beam carrying a current of ≈ 9MA. Note
that a high Neon density is assumed here to study a pess-
imistic scenario with a relatively large RE beam formation.
Note also that the introduction of impurities as well as the
RE beam formation leads to further cooling of the plasma,
due respectively to radiation and decay of Ohmic heating. At
this point, the edge safety factor is still relatively large with
q95 ∼ 3.5. Therefore the 2D simulation is continued further,
during which the edge safety factor decays until q95 ∼ 2. At
this point the simulation is switched to 3D, which represents
the starting or initial state for the 3D simulations presented
here. Clearly the initial plasma state for the 3D simulations
has a total plasma current (equal to the RE current) of≈ 9MA
and is already significantly displaced vertically. Profiles of
the electron temperature, current density and safety factor,
along with the plasma position at this instant are shown in
figures 1(b) and (c), for three different q95 values of 1.8, 2.0
and 2.2 (different starting points for 3D simulations). The elec-
tron temperature is nearly spatially uniform at around Te ∼
2.5 eV, and the current profile is hollow with mild peaking
around ψN ≈ 0.55.

3
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Figure 1. (a) Active and passive conducting structures of ITER used in the simulations via STARWALL (same for the preceding 2D
simulation as well). The acronyms are VV: inner and outer shells of the vacuum vessel; PF: poloidal field coils; CS: central solenoid; D:
divertor inboard rail; O: outer triangular support; Profiles of (b) Electron temperature, toroidal current density and safety factor, as a
function of normalized poloidal magnetic flux ψN at the initial states from which the 3D simulations are started ; (c) Plasma domain
simulated in JOREK; domain boundary (black line), region with the last closed flux surface at the instant when 3D simulations are initiated
(magenta), q95 = 2.2 case; the blue and orange curves represent the q= 1.5 and q= 2 rational surfaces respectively.

4. Simulation results

As mentioned earlier, when q95 ∼ 2 is attained, a switch to 3D
simulation is made along with a 3D noise level perturbation
initialized in the plasma. The plasma electrical resistivity η is
a function of electron temperature (Te) and Zeff, and is given
by ηsp = ηsp,cZeff , where ηsp,c is the classical Spitzer resistiv-
ity in the absence of impurities. The background plasma-fluid
viscosity (µ= 5.2× 10−7 kg-m s−1) is chosen to be temperat-
ure independent. To reduce computational costs for the sim-
ulations, RE parallel transport is modeled via a large paral-
lel diffusivity DRE,∥ = 109m2 s−1 to mimic the fast parallel

advection. While the chosen value does not strictly corres-
pond to transport at the speed of light, it ensures that the par-
allel transport timescale is far smaller than the tearing mode
timescale. Numerical tests have shown that using a much lar-
ger value of parallel diffusivity can lead to spurious numer-
ical perpendicular diffusion, which was the rationale for the
present choice. Additionally, a small perpendicular diffusivity
ofDRE,⊥ = 4.6× 10−2m2 s−1 has been used for better numer-
ical stability. A polar grid with radial and poloidal grid resol-
ution Nr×Nθ = 101× 128 is used, along with toroidal modes
n= 0...5. Sensitivity studies have shown that higher mode
numbers n= 6...10 do not play a major role in the dynamics, as

4
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Table 1. List of 3D MHD simulations performed. All 3D simulations here are based on the same 2D ITER simulation, which is an upward
mitigated major disruption simulation obtained by an artificial thermal quench with current-flattening followed by Ne+D 1st injection and a
subsequent RE avalanche. Simulations T1a, T1b and T1c were performed including modes n= 0 . . .3 only, while the remaining simulations
were performed including modes n= 0 . . .5.

Run qstart95 note IinitRE (MA)

T1a 1.8 — 9
T1b 2.0 — 9
T1c 2.2 — 9
T2a 2.2 Baseline 9
T3a 2.2 η = 3x 9
T3b 2.2 η = 10x 9
T4a 2.2 nDi = 50% 9
T4b 2.2 nDi = 15% 9
T4c 2.2 nDi = 5% 9

Figure 2. Poincaré plots over time for the baseline termination case T2a with q95 = 2.2. The color map represents the RE number density.
The time instants corresponding to each panel is marked by vertical dashed lines with the same labels (a, b, c, d, e and f) in figure 3.

their individual mode energies are a factor of∼ 8 smaller com-
pared to the dominant mode in the non-linear phase. Hence
including n= 0...5 enables capturing the essential features at
reduced computational costs.

In principle, the RE beam can become unstable much
earlier than when q95 ∼ 2. Nevertheless, performing 3D simu-
lations over a long duration starting from say the early plateau
phase is computationally expensive. We scanned over several
values of starting q95, which include among others, values of
2.2, 2.0 and 1.8 (this particular scan was done including only
n= 0 . . .3 modes). In all the cases, the plasma was found to
be unstable. In addition, the dynamics and the overall theme
of plasma evolution remained qualitatively similar in all these
cases. In this paper, we therefore focus only on cases related
to a starting q95 = 2.2. The list of all relevant cases have been
summarized in table 1, which includes cases related to the

effect of resistivity and ion-density. The case T2a is considered
to be the reference or baseline scenario for further discussion,
which will be shown first.

After the 3D perturbation is initiated, there is an exponen-
tial growth of modes. The linear growth is marked predom-
inantly by the toroidal mode numbers n= 1, n= 2 and n= 4,
in specific dominated by the (m,n) = (2,1) and the (m,n) =
(6,4), where m is the poloidal mode number. The 2/1 mode
grows closer to the boundary, while the 6/4 is a double-tearing
mode that grows due to the mildly hollow current profile. The
corresponding rational surfaces can be seen from figure 1(c).
From panel (a) of the Poincaré plots in figure 2, one can see
the mode-structure slightly after the end of the linear-phase.
One can observe the predominance of the 2/1 mode and the
6/4 double-tearing modes. It must be noted that both the hol-
low current profile as well as the lower edge safety factor

5
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contribute to the overall evolution of the instabilities. Further
growth of the 2/1 mode causes the stochastization of the outer
region close to the q = 2 surface (see panel (b) of figure 2).
During this phase, the (m,n) = (3,2) mode energy grows to
significance and starts to strongly impact the non-linear pro-
cess. Following this, there is a marked transformation from
a dominant 6/4 to a dominant 3/2 mode at the q= 1.5 sur-
face. This is accompanied by a stochastization of a significant
portion of the outer region as shown in panel c) of figure 2.
This happens over a time span of 1.1ms from the time the
3D noise level perturbation is initiated, and the effect of RE
parallel transport (and therefore an RE current drop) does not
manifest yet. Further to this, the stochastic region continues
to grow radially inward through a series of instabilities, while
simultaneously loosing RE current due to fast parallel trans-
port. Gradients in RE density caused by the differential loss of
REs between the closed-flux-surface and the stochastic region
might play a role in the process of core-shrinking (see panels
(d)–( f ) of figure 2). The core-shrinking process (shrinking of
the closed flux-surface or non-stochastic region) is reminiscent
of the benign termination simulation of shot number 95135
in JET using JOREK as described in [3]. After a total dura-
tion of about 2.2ms, only about 350 kA RE current survives
in a small region near the core. The duration for RE termina-
tion quoted here refers to the time taken to reach an approx-
imate minima in RE current. In fact the remnant RE current
can re-avalanche and grow into a large beam again, aspects of
which will be reported in detail elsewhere. The overall evol-
ution of 0D quantities for this baseline scenario is shown in
figure 3. One can observe that the n= 1 magnetic mode plays
a dominant role in the later non-linear phase that causes core-
shrinking. Perturbation in the poloidal magnetic field (com-
puted as the ratio of the square root of energy of non-zero
modes to total energy of poloidal magnetic field) reaches a
peakmagnitude of∼ 8% (see figure 3), while the electron tem-
perature increases to a peak value ∼ 6 eV (near the core) due
to the reactivation of Ohmic heating as RE current is lost. The
effect of Ohmic heating getting reactivated can be observed
also via the increase in the plasma thermal energy shown in
figure 3. We now turn to the effect of background plasma res-
istivity on the termination.

4.1. Effect of background plasma resistivity

Formation of an RE beam post a disruption leads to the current
not being subjected to significant resistive decay and hence
nearly no loss of magnetic energy via Ohmic heating. Lack of
Ohmic heating and the presence of radiation due to impurit-
ies will cause the plasma electron temperature to drop to very
low values of a couple of eV. This leads to the typical situ-
ation of RE beams in a highly resistive background plasma.
Additionally, significant neutralization of background plasma
can occur at such lower temperatures, in which case the res-
istivity can be dependent on electron-neutral collisions in addi-
tion to electron-ion collisions. This can increase the resistiv-
ity to even higher values and is the motivation for the present
studywherein we intend to investigate if there is a fundamental

Figure 3. Global quantities for the termination case T2a (also
referred to as the Baseline case) as a function of time. First panel
(topmost): energy of the poloidal magnetic field in different toroidal
modes; second panel: kinetic energy in different toroidal modes;
third panel: RE current and normalized perturbation in poloidal
magnetic field; fourth panel (bottommost): edge safety factor and
plasma thermal energy. Vertical dashed lines labeled as a, b, c, d, e
and f represent the time instants of the correspondingly labeled
panels in figure 2.

difference to the MHD dynamics at higher resistivity. It must
be mentioned that such an increased resistivity would not lead
to a significant decay in RE current within the short times-
cale of the RE beam termination event investigated here. The
effect of neutrals on the resistivity is not treated explicitly here,
but rather the equivalent standalone effect of higher values of
resistivity is investigated. Recently, [23] have investigated the
effect of resistivity on the non-linear dynamics of a double-
tearing mode in the classical case without REs.

Termination simulations at three different values of resistiv-
ity are compared (all starting with q95 = 2.2). They corres-
pond to η = 1.86× 10−4Ohm.m (referred to as the baseline
case), η = 5.6× 10−4 Ohm.m (referred to as the η = 3x case)
and η = 1.86× 10−3 Ohm.m (referred to as the η = 10x case).
Ohmic heating increases consistently when the resistivity is
increased (of course this manifests only when REs are lost and
some thermal current kicks in). In order to perform the higher
resistivity simulations, a smooth parameter transition is made
during the final phase of the 2D simulation, before the switch
to 3D is made. Though the starting temperature (for 3D simu-
lations) has a flat profile, the resistivity remains a function of
temperature and effective ion-charge.

6
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Figure 4. (a) Linear growth rate of the n= 1 mode versus the electrical resistivity. The dashed line indicate the τ−3/5
res scaling. n ̸= 0

perturbations of the toroidal current density close to the end of linear phase for (b) baseline case (T2a) at t= 0.89ms; (c) η = 3x case (T3a)
at t= 0.48ms and (d) η = 10x case (T3b) at t= 0.26ms. The color scale spans between −0.2 (red), yellow (0) to 0.2 (blue) for (b) and (c);
and −0.26(red), yellow (0) to 0.26(blue) for panel (d) in JOREK units.

Note that only the resistivity is changed keeping all other
parameters of the simulations identical in order to isolate the
effects. As expected, the linear growth rate is larger at higher
resistivity and the actual scaling for the n= 1 mode closely
resembles the τ−3/5

res or η3/5 scaling (see figure 4(a)) for a tear-
ing mode [8], where τres = µ0L2/η is the resistive timescale
(with L being the relevant length scale). However, there are
strong differences in the mode structure and subsequent non-
linear evolution at larger resistivity. The n ̸= 0 perturbation of
the current density near the end of the linear phase is compared
in figures 4(b)–(d). Unlike the 2/1 plus 6/4 double-tearing
modes that were dominant in the baseline case, at higher res-
istivity the effect of q95 ∼ 2.2 and the mildly hollow profiles
manifest as a dominant m/n= 2/1 tearing mode. Larger res-
istivity results in the mode becoming relatively wider (as com-
pared to the baseline scenario), spanning significantly inward
(radially) from the q= 2 surface. This is seen in both the higher
resistivity cases as can be seen in figures 4(c) and (d). The 2/1
mode grows significantly in size and energy, and remains the
predominant feature further into the non-linear phase, as can
be seen from the blue and magenta curves in the top 3 pan-
els of figure 5. Unlike the baseline scenario, the growth of the
2/1 mode to such a large magnitude can be attributed to the
absence of significant non-linear interference from secondary
modes, such as the stochastization involving the 6/4 or 3/2.
Such a mechanism was described in the work of [23] in the
context of a double-tearing mode without REs.

Further into the non-linear phase, the field stochastizes in
the outer region followed by core-shrinking eventually causing
the entire field to stochastize. This is shown in the evolution
of the Poincaré plots in figure 6. Due to the large magnitude
of MHD in the higher resistivity cases, the stochastization is
rather strong and the RE current loss is nearly complete. At the
end of the crash, the remaining RE current amounts to 26 kA
and 13 kA respectively for the η = 3x and η = 10x cases, as
compared to the 350 kA in the baseline scenario (see table 2).
Enhanced stochastization at higher resistivity can be substan-
tiated by the magnitude of connection length. This is shown in
figure 7, wherein the connection length is plotted as a function
of the normalized time duration and normalized poloidal flux.
Far shorter connection lengths are observed as the resistivity

Figure 5. Comparison of global quantities for the terminations
cases with different electrical resistivity. Baseline refers to case T2a,
η = 3x to T3a and η = 10x to T3b.

is increased. Such strong dynamics at high resistivity might
be potentially beneficial for benign RE beam termination in
ITER, as we will see later in this paper.

4.2. Effect of ion-density

As mentioned earlier, plasmas with RE beams can neutralize
significantly and hence can lead to low ion-densities, in turn
leading to a faster Alfven timescale (τA ∼√

ρ). Since tear-
ing mode growth and MHD dynamics in general depend on
the Alfven timescale, it is of interest to understand the effect

7
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Figure 6. Poincaré plots over time for the termination cases (a) η = 3x (T3a); (b) η = 10x (T3b). Color map represents the RE number
density.

of a decrease in ion-density on the RE termination scenarios.
Importantly, recent experiments at TCV and AUG have shown
a strong dependence of benign termination on the electron
density via the quantity of injected Deuterium [28] . In this
section, we investigate this aspect via simulations of RE ter-
mination at 50%, 15% and 5% of the baseline Deuterium ion-
density. The Alfven speed based on the Deuterium ion-density
for the above three cases are respectively 2.3%, 4.2% and 7.2%

of the speed of light (when based on the total density, the dif-
ference in Alfven speeds are not so stark). For even higher
Alfvén velocities at lower densities, relativistic extensions of
MHD might be required. The baseline case remains the same
as in the previous subsection, i.e. Run T2a is compared to Runs
T4a, T4b, and T4c. As was the case with studying the effect
of resistivity, we concentrate on the isolated effect of decreas-
ing the ion-density, while keeping all other parameters fixed.
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Figure 7. Evolution of field line connection length (colored) as a function of normalized poloidal flux ψN and normalized time. Time
normalization is done individually over the total duration considered in each case, which is 0.97ms, 0.221ms, and 0.134ms respectively for
the baseline (T2a), η = 3x (T3a) and η = 10x (T3b) cases. Logscale is used for the colorbar.

Figure 8. n ̸= 0 perturbation of the toroidal current density close to the end of the linear phase for (a) baseline case; (b) nionD = 50% case; (c)
nionD = 15% case and (d) nionD = 5% case. The color scale spans between −0.2 (red), yellow (0) to 0.2 (blue) for (b) and (d); −0.61 (red),
yellow (0) to 0.61 (blue) for (c); and −0.37(red), yellow (0) to 0.37(blue) for the panel (e) in JOREK units.

While resistivity increase and ion-density decrease are connec-
ted in reality, they can be studied separately in our simulations.
The drop in ion-density is executed via a negative volumetric
source during the later 2D phase of the simulation, that causes
a relatively smooth transition to a lower Deuterium ion-density
before the switch is made to 3D.

Figure 8 shows the mode structure near the end of the linear
phase for the different ion-density cases. It can be seen that
the mode structure for ion-densities reduced to 50% and 15%,
resemble closely that of the baseline scenario. That means a
dominant 6/4 double tearing mode along with a 2/1 mode near
the edge of the plasma (see figure 8). However, as the density
is decreased further to 5%, the mode structure near the end
of the linear phase involves dominance of both a 6/4 double
tearing mode and a 2/1 tearing mode. Qualitatively, it mildly
resembleswhat was observed in the high resistivity cases in the
previous subsection (note that at large resistivity, we observed
a pure 2/1 tearing mode to be dominant throughout).

Further evolution into the non-linear phase is marked by
a relatively strong 2/1 tearing mode in all cases. This leads
to stochastization in the outer region, and a radially-inward
expansion of stochasticity causing core-shrinking. This is
accompanied by a near-complete RE current loss as shown
in figure 9 for the cases with 15% and 5% ion-densities.
Comparison of the evolution of 0D parameters are shown in
figure 10. The remnant RE current as well as the RE loss

time are relatively lower at lower ion-densities as compared to
that in the baseline scenario (see table 2). In general one can
view the effect of Deuterium ion-density to be much weaker,
but with qualitative resemblance to the effect of increased
resistivity.

4.3. RE loads on first wall surface

As mentioned earlier, one of the goals of the benign termin-
ation scheme is to enhance the area of the RE footprint on
the first wall. In order to estimate particle loads on the first
wall surface during RE beam termination, the RE fluid model,
in particular with field-parallel transport mimicked by paral-
lel diffusion, is insufficient. Therefore the simulations were
post-processed with a wall collision module in JOREK. In this
module, kinetic particle markers are generated at the onset of
the RE current drop and traced until they either collide with
the wall or are lost outside of the simulation domain. For this
purpose, we employ a CAD based 3D wall model of ITER
constructed using a triangular mesh (since parts of the initial
wall model lie outside of the simulation domain, the wall was
shifted 10 centimeters down in the vertical direction to assure
better overlap, while ensuring nearly no markers are lost).

The marker positions are sampled according to the start-
ing RE number density profile obtained from the 3D RE
fluid simulations. Furthermore, the distribution of particles

9
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Figure 9. Poincaré plots over time for the termination cases with (a) nionD = 15% case (T4b); (b) nionD = 5% case (T4c). The color map
represents the RE number density.

in momentum space is not known from the RE fluid simula-
tions such that we assume all the RE particles have the same
energy E= 26MeV and pitch |v∥/v|= 0.99. The choice of
RE particle energy ensure that the total kinetic energy of all
the RE particles (∼ 24MJ) was equivalent to the total mag-
netic energy channeled to REs as computed from the RE fluid
simulation. Since we use a prescribed initial RE momentum

space distribution, acceleration by the electric field as well as
the effects of collisions and radiation losses are not considered
here. Furthermore, it is assumed that all the kinetic energy of
the markers is deposited uniformly in each wall element (typ-
ical size of an element is∼ 800mm2) upon collision. A total of
106 markers were used in these simulations. A detailed assess-
ment of wall loads with different assumptions regarding RE

10
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Table 2. Remnant RE current after the MHD crash, maximum
MHD perturbation and the RE loss time for the various cases
considered. RE loss time ∆tlossRE refers to the time taken for RE
current to drop from 80% to 20%.

Run note Imin
RE (kA)

(
dB
B

)max
∆tlossRE (ms)

T2a Baseline 350 7.9% 0.54
T3a η = 3x 26 14% 0.09
T3b η = 10x 13 17.2% 0.06
T4a nDi = 50% 98 10% 0.25
T4b nDi = 15% 20 11.6% 0.18
T4c nDi = 5% 51 10.2% 0.19

Figure 10. Comparison of global quantities for the terminations
cases with different deuterium ion density. Baseline refers to Run
T2a.

energies and pitch angles for different simulation scenarios
will be published elsewhere including a detailed description
of the virtual diagnostics [5].

Figure 11 shows the resulting energy load on the ITER first
wall at the high field side for the baseline simulation case T2a.
It can be seen that while the RE loads are mainly localized
to three rows of tiles (poloidally), they also vary significantly
in the toroidal direction, in some cases exceeding 10MJm−2.
The toroidal variation of the particle loads is more evident in
figure 12(a), wherein the energy load is plotted with respect to
the toroidal angle and the Z-coordinate along the wall contour,
outlined in figure 12(b). Also shown in the latter figure is the
locations where the REs collided with the wall, indicated by
the red points. The pattern suggests that the dominant n= 1

Figure 11. Energy load experienced by different wall elements on
the wetted tiles at the high field side of ITER for simulation case
T2a.

mode plays a significant role in how large the loads are able to
grow, with the deposited energy differing by several orders of
magnitude over a single period. For the lower row of tiles, loc-
ated at Z∼ 3m, there also seems to be a more complex pattern
emerging.

A summary of the peak and mean energy loads (over all of
the affected wall elements) for all simulation cases is given in
table 3. While the wall load distribution can depend on several
factors such as initial RE distribution, strength of the different
modes etc, the mean load decreases significantly at higher res-
istivity and to a much smaller extent at lower ion density. The
mean energy load here refers to the average load when consid-
ering all wetted elements (since the surface is discretized using
smaller elements, wetted area refers to the combined area of
all elements where REs have collided).

It is important to consider the area over which the energy
is distributed, which is shown in table 3. The most striking
feature is the fact that the total affected area (or the wetted
area) increases substantially when the resistivity is increased
(in which case the stochastization was much stronger as dis-
cussed earlier). Such a clear trend though is not found when
decreasing the ion density. It should be emphasized that the
area exposed to very weak RE loads has been found to be
sensitive to the number of markers used, and more computa-
tionally demanding simulations would be needed to provide
more accurate predictions for those regions. As such, the total
wetted area should most appropriately be viewed as a met-
ric used to indicate trends in the broadness of the deposition.
The regions exceeding the melt limit are however more well
resolved due to the much larger sample of markers passing
through each element. The melted area only accounts for the
elements where the energy loads exceeded the melt limit of the
wall material.

Previous work (L. Chen et al ‘Modeling runaway electron
induced damage to ITER plasma-facing components’. In: 5th
Asia Pacific Conference on Plasma Physics. Oct. 19, 2021) has
indicated that the melt limit of the beryllium tiles lie around

11



Nucl. Fusion 64 (2024) 076053 V. Bandaru et al

Figure 12. (a) Energy load experienced by wall elements as a function of toroidal angle and Z-coordinate along the contour of the wall
outlined in (b) together with the location of the RE collisions indicated in red.

Table 3. Summary of the peak and mean energy loads obtained for the different simulation cases. Wetted area is the combined area of all
surface elements where REs have collided, while the melted area included all elements where the energy loads exceeded the melt limit.

Run comment Wmax
wall

(
MJm−2) Wmean

wall

(
MJm−2) Awetted(m

2) Amelted(m
2)

T2a Baseline 48 4.7 4.9 0.50
T3a η = 3x 45 2.7 9.4 0.37
T3b η = 10x 34 2.1 12.6 0.37
T4a nDion = 50% 58 3.8 6.3 0.43
T4b nDion = 15% 53 3.9 6.3 0.49
T4c nDion = 5% 54 3.6 6.6 0.46

∼ 14MJm−2. The maximum loads obtained in each of the
cases is notably more than this limit, which might be of con-
cern in relation to the integrity of the cooling channels in ITER.
The area over which the loads are larger than the melt limit is
shown in the last column of table 3. Increase in the total wetted
area at larger resistivity also comes with a notable reduction
of the area exposed to a heat load of more than 14MJm−2.
It drops by around 26% as a consequence of the resistivity
increase by a factor 3. In the case of lower ion-densities the
change is more subtle and no clear trend is observed.

5. Summary and discussion

First 3D non-linear MHD simulations of RE beam termination
scenarios in ITER have been presented as obtainedwith the RE
fluid model in the JOREK code. The plasma state considered
for termination simulations had a mildly hollow current pro-
file and an edge safety factor around a value of 2. In all cases,
both the low edge safety factor as well as the hollow current
profile contribute to growth of MHD instabilities, eventually
leading to a stochastic magnetic field. The associated fast par-
allel transport of REs in the stochastic field leads to a near-
complete loss of RE current. Robustness of the observation is
rather encouraging (if we can ensure negligible re-avalanching

via 2nd D injection etc) in the context of a potential risk posed
by RE beams in ITER.

The possible benefits of a second Deuterium injection into
the RE beam to induce benign termination have been assessed
by varying the plasma resistivity and the ion density during the
termination phase. In the context, the effects of higher elec-
trical resistivity and lower Deuterium ion-densities were stud-
ied separately. At higher resistivity, much larger MHD mag-
nitudes along with stronger stochastic states and less remnant
REs are observed. There is amarked dominance of the 2/1 tear-
ing mode at higher resistivities throughout the evolution (lin-
ear and non-linear phases). This can be attributed to the lack of
a 3/2 mode induced stochastization in the outer region, which
was present in the baseline scenario. The effect of lowering
the Deuterium ion-density however showed a much weaker
effect, albeit qualitatively tending towards the theme observed
at higher resistivity. In either case, themuch faster and stronger
RE losses are potentially advantageous.

Finally, RE load distributions on the first wall have been
assessed. Strong poloidal localization as well as a large vari-
ation in the toroidal direction is observed, in line with the
dominant MHD mode. A key result has been the observation
of a strong increase in the spread of RE loads at higher res-
istivity, markedly for the lower energy densities. Such a clear
trend though is not found when the ion density was decreased.
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The peak energy load was seen to decrease for the higher
resistivity cases whereas for lower ion-densities therewas even
a moderate increase. Over all the simulations done here, the
area over which the load exceeded the Beryllium melt limit of
14MJm−2 varied between 0.37m2 to 0.50m2.

Due to computational constraints in performing long times-
cale 3D simulations starting from RE plateau phase, the scope
of this work was limited to the standalone study of RE beam
termination scenarios when q95 ∼ 2 is obtained. Nevertheless,
the scenarios studied here are very plausible and provide valu-
able insights (both qualitative and quantitative) on the nature
of RE beam termination in ITER. The remnant RE current after
termination is significantly larger than typical RE seeds and
has the potential to re-avalanche. At the same time, one would
have flux-surface reformation, continued stochastic RE losses
and plasma scraping. It is important to understand whether the
interplay of the aforementioned processes can lead to a re-
formation of a multi-MA RE beam. Studies in that direction
will follow in the future.

There are several possible avenues to further improve the
predictive capability for RE impact in ITER. Inclusion of the
effect of enhanced scattering (and ionization) by REs, orbit
shifted RE equilibrium, two/three temperature models, start-
ing from amore stable plasma state, cases with smaller RE cur-
rent etc are some of the avenues that the authors plan to study in
the near future. It must be noted that predicted post-TQ current
density and RE seed profiles are essential towards truly pre-
dictive simulations for RE impact in ITER. This requires real-
istic 3D MHD simulations of the thermal quench in ITER, on
which efforts are on-going (e.g. [16]). Such simulations should
in addition be also coupled to a kinetic treatment of REs,
which is also an ongoing effort [4]. More extensive kinetic
simulations over the complete beam formation period using
e.g. particle tracing or flux-surface averaging could be con-
ducted in order to obtain more appropriate estimates for the
momentum space distribution of these particles.
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