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 A B S T R A C T

Formation of Runaway electrons (REs) during tokamak disruptions is a significant challenge in fusion research, 
as they can locally damage the plasma-facing components by applying thermal loads of tens of MJ per square 
meter, possibly leading to significant melting. This work investigates the current quench phase of disruptions 
and the likelihood of RE generation and multiplication in the Day-0 scenario (plasma current 𝐼𝑝 = 2 MA) of the 
Divertor Tokamak Test (DTT), using the non-linear magnetohydrodynamic code JOREK. Our results from 2D 
(toroidally symmetric) simulations indicate that, in this initial low-current scenario, RE generation is minimal 
to negligible when the impurities injected through disruption mitigation systems are adequately limited. This 
suggests that DTT’s early operational phase poses a low RE risk, contributing to operational safety in this 
regard before transitioning to full power scenarios (𝐼𝑝 = 5.5 MA). In addition to providing an initial RE safety 
benchmark for DTT, this study lays the groundwork for further research at higher operational currents and 
for the estimation of heat loads caused by RE beams on plasma-facing components, essential for guiding the 
design and strategic placement of mitigation elements such as sacrificial limiters.
1. Introduction

The operation of magnetic confinement fusion devices, such as toka-
maks, involves significant challenges, among which plasma disruptions 
stand out due to their potential to cause severe structural damage and 
shorten the lifespan of such machines [1,2]. Although advanced control 
systems are designed to stabilize the plasma, unforeseen failures or 
magnetohydrodynamic (MHD) instabilities can still trigger abrupt dis-
ruptions. These events release the majority of the plasma’s thermal and 
magnetic energy over a millisecond timescale, subjecting plasma-facing 
components (PFCs) and structural elements to intense mechanical and 
thermal loads [2], which may become unacceptable for larger devices 
such as ITER [3] or EU-DEMO [4]. Therefore, disruptions of any kind 
must either be avoided or mitigated in large tokamak devices.

I This article is part of a Special issue entitled: ‘SOFT 2024’ published in Fusion Engineering and Design.
∗ Corresponding author at: NEMO Group, Dipartimento Energia, Politecnico di Torino, Corso Duca degli Abruzzi 24, Torino, 10129, Italy.
E-mail address: enrico.emanuelli@polito.it (E. Emanuelli).

1 See author list of M. Hoelzl et al 2024 Nucl. Fusion 64 112016.

An effective mitigation technique to reduce their impact on the 
reactor involves injecting large amounts of deuterium and impurities 
into the plasma when a disruption is predicted. Impurities radiatively 
cool the plasma, which releases a substantial portion of its thermal and 
magnetic energy on a millisecond timescale. This controlled cooling 
can help reduce the mechanical stresses on the structure by limiting 
the vertical forces exerted on the wall [5]. The abrupt increase in 
plasma resistivity caused by the low temperatures found at the end of 
the thermal quench (TQ) causes the plasma current to decay during 
the current quench (CQ), releasing the stored magnetic energy and 
effectively bringing the discharge to an end. However, the self-induced 
toroidal electric field caused by the CQ can accelerate a portion of the 
electron population to relativistic speeds, leading to the formation of 
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a population of runaway electrons (REs) [6,7]. Through the avalanche 
mechanism, REs can multiply and form beams that can carry a signif-
icant fraction of the pre-disruption plasma current, with the potential 
avalanche gain scaling exponentially with the plasma current [7]. The 
uncontrolled interaction of such a high runaway current with PFCs can 
cause severe local damage, including significant surface melting and 
substantial damage to the underlying substrate structures [2,8,9].

The Divertor Tokamak Test (DTT) [10,11], a facility currently under 
construction in Italy, is intended as a testbed to address specific chal-
lenges in fusion energy, particularly those related to different plasma 
and exhaust scenarios. Using a significant amount of external heating 
power (up to 45 MW delivered to the plasma), DTT aims to replicate the 
level of divertor heat loads foreseen in ITER and EU-DEMO [11]. This 
will allow DTT to test and develop robust strategies and technologies, 
such as magnetic configurations involving a large divertor wetted area 
or the use of liquid metal PFCs, applicable to the next generation of 
fusion reactors. Despite operating at lower plasma currents compared 
to larger tokamaks, DTT can still face significant RE-related risks. 
Although the potential for RE formation is more pronounced in the full 
power scenario with a nominal plasma current 𝐼𝑝 = 5.5 MA, it cannot be 
overlooked even in lower current scenarios. This is particularly evident 
from previous observations in JET, where a plasma current comparable 
to that of the Day-0 scenario of DTT (𝐼𝑝 = 2 MA) resulted in RE 
generation and subsequent wall damage [8]. These findings underscore 
the critical importance of understanding and mitigating RE risks in 
all operational phases of DTT. In particular, gaining insights into RE 
dynamics in the Day-0 scenario of DTT is crucial for ensuring that REs 
remain at negligible levels during early operations and informing the 
progressive scale-up to the full power scenarios.

This work aims to assess the risks of RE generation in the Day-
0 scenario of DTT. To achieve this, we simulate plasma disruptions 
using the non-linear MHD code JOREK [12,13], coupled with the 
vacuum-field code STARWALL [14,15]. 2D simulations (i.e., toroidally 
symmetric) are carried out to systematically study the formation of REs 
in the CQ phase for different initial RE seed currents and impurity 
levels, offering comprehensive insights into the impact of REs under 
early operational conditions.

The paper is organized as follows: Section 2 describes the models 
and methods, including the most important details of the JOREK code, 
of the artificial thermal quench (ATQ) procedure, and of the DTT Day-0 
scenario. Section 3 presents the results of the simulations, highlighting 
the effects of various disruption scenarios and initial RE seeds on the 
generation of REs. Finally, in Section 4 we draw the conclusions of this 
work.

2. Models and methods

The analysis of RE generation in the Day-0 operational phase of DTT 
requires an advanced, self-consistent simulation approach to accurately 
capture plasma dynamics and interactions with surrounding conducting 
structures. We employ the non-linear MHD code JOREK [12,13] in con-
junction with the vacuum-field simulation code STARWALL [14,15]. 
This section highlights the key features of JOREK and STARWALL, as 
well as the ATQ procedure used to replicate the start of the disruption, 
enabling a focused investigation of the CQ phase and the associated RE 
avalanche growth. Additionally, we outline relevant details of DTT and 
its Day-0 scenario, along with the parameter space explored to examine 
RE formation.

JOREK is a well-established code for modeling non-linear MHD 
phenomena in magnetically confined fusion devices, able to handle 
the complex dynamics associated with plasma instabilities, disruptions, 
and RE formation and interaction with MHD modes. While various 
full MHD models are available in JOREK, we consider here a reduced 
MHD model, in order to reduce computational costs while still being 
able to capture the essential dynamics of interest. Indeed, since we are 
focusing on axisymmetric dynamics, reduced MHD and full MHD are 
2 
fully equivalent. This model is obtained by expressing the magnetic 
field (𝑩), electric field (𝑬) and plasma fluid velocity (𝒗) as 

𝑩 = 1
𝑅
∇𝜓 × 𝑒𝜙 +

𝐹0
𝑅
𝑒𝜙,

𝑬 = −𝐹0∇𝑢 −
1
𝑅
𝜕𝜓
𝜕𝑡
𝑒𝜙,

𝒗 ≈ −𝑅∇𝑢 × 𝑒𝜙,

(1)

where 𝑅 is the major radial coordinate, 𝜓 is the poloidal magnetic 
flux, 𝑒𝜙 is the unit vector in the toroidal direction, 𝐹0 is a constant 
in space and time describing the intensity of the vacuum toroidal 
magnetic field 𝐵𝜙,0 (𝐹0 = 𝑅0𝐵𝜙,0, 𝑅0 being the major radius of the 
plasma axis) and 𝑢 is the velocity stream function, defined as the 
electric scalar potential 𝛷 divided by 𝐹0. The full details of the reduced 
MHD model and the numerical schemes used in JOREK are described 
in [12,16]. JOREK includes an RE fluid model coupled with the MHD 
equations [17], which treats REs as a distinct fluid population within 
the plasma. This model self-consistently couples the RE population 
with the evolving plasma current and electric fields, thus capturing 
the feedback effects between REs and the bulk plasma. In this work, 
when included, REs are initialized through an initial RE seed current 
that is already present at the beginning of the simulations. This ini-
tial seed is representative of the primary formation mechanisms of 
REs, such as hot-tail or Dreicer. A secondary volumetric source is the 
avalanche mechanism, whereby REs multiply through collisions with 
background electrons, potentially leading to substantial RE currents 
during the CQ phase [18]. Full details of this model and its coupling 
with MHD equations can be found in [19]. This model has already been 
successfully applied to simulate RE beam generation and termination 
events in JET [20], ITER [21–24] and EU-DEMO [25]. Specifically, [23] 
focuses on 2D predictive simulations with extensive parameter scans, 
while the 2D predictive simulations of [24] emphasize the importance 
of free-boundary simulations to accurately capture REs avalanching 
correctly. Additionally, [25] investigates 2D predictive RE formation 
and 3D termination simulations, which offer estimates for RE beam 
amplitudes at different impurity contents and assess the effectiveness 
of a sacrificial limiter for machine protection. In the present study, the 
JOREK simulations were performed with an axisymmetric 2D reduced 
MHD model. The RE beam formation is studied in the absence of non-
axisymmetric perturbations as an upper estimate in the absence of 
stochastic fields. Due to their complexity and computational costs, these 
simulations will be addressed in future work.

Table  1 summarizes the main parameters used in all the simula-
tions performed in this work, unless explicitly stated otherwise. Other 
assumptions used in this work include the adoption of a single-fluid 
representation of the background plasma, assuming that it is described 
by a single temperature and that the electron and ion temperatures are 
equal (𝑇 = 𝑇𝑖 + 𝑇𝑒 = 2𝑇𝑒). This allows us to capture the overall energy 
dynamics while reducing the computational cost of the simulations. 
Additional simplifications that significantly reduce computational costs 
are setting the parallel velocity of the background ions and impurities 
and the diamagnetic drift velocities to 0 and neglecting the presence of 
neutral particles. In practice, having 𝑣∥ = 0 and 𝑣dia = 0 transforms the 
last equation in (1) to 𝒗 = −𝑅∇𝑢× 𝑒𝜙. Fixed boundary conditions (BCs) 
are applied to all fluid variables, while BCs of the poloidal magnetic 
flux 𝜓 and the total toroidal current density 𝑗 are determined through 
coupling of JOREK with the resistive wall code STARWALL. This al-
lows us to limit the computational domain to the plasma region. The 
details of the coupling can be found in [15]. Implementing dynamical 
boundary conditions through STARWALL enables us to evolve plasma 
dynamics together with the currents flowing in the physical structures 
of DTT, providing a realistic representation of the current quench 
phase and RE dynamics under experimental conditions. Fig.  1 shows 
a 2D sectional view in the R-Z plane of the active and passive DTT 
conducting structures imported into STARWALL. The inner shell of the 
vacuum vessel was modeled using an axisymmetric thin wall (orange 
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Table 1
Physical parameters used in all the simulations (unless stated otherwise). 𝜂𝑒 is the plasma resis-
tivity, while 𝜒∥ and 𝜒⟂ denote the parallel and perpendicular thermal diffusivities, respectively. 
𝐷 is the particle diffusivity, which is isotropic for the thermal plasma and impurities, but split 
between parallel and perpendicular components for REs (𝐷∥,𝑅𝐸 and 𝐷⟂,𝑅𝐸 , respectively). The 
very high value for 𝐷∥,𝑅𝐸 is used to model the parallel transport of REs, mimicking their fast 
parallel advection. This optimal value was found through extensive tests with the JOREK RE fluid 
model, and it does not cause any significant numerical perpendicular diffusion [19]. Instead, the 
relatively small value of 𝐷⟂,𝑅𝐸 is intended to provide numerical stability [21].
 Parameter Dependency Value  
 
𝜂𝑒

𝑇𝑒 < 500 eV Spitzer ∝ 𝑇 −3∕2
𝑒 𝜂𝑒 = 𝜂𝑒,Sp  

 𝑇𝑒 ≥ 500 eV Constant 𝜂𝑒 = 𝜂min
𝑒 = 𝜂𝑒,Sp(@500 eV)  

 
𝜒∥

𝑇𝑒 < 350 eV Spitzer-Harm ∝ 𝑇 5∕2
𝑒 𝜒∥ = 𝜒∥,SH  

 𝑇𝑒 ≥ 350 eV Constant 𝜒∥ = 𝜒max
∥ = 𝜒∥,SH(@350 eV) 

 𝜒⟂ Profile 𝜒⟂,core = 2m2∕s  
 𝐷 Constant 1.23m2∕s  
 𝐷∥,𝑅𝐸 Constant 1.83 × 109 m2∕s  
 𝐷⟂,𝑅𝐸 Constant 1.83 × 10−2 m2∕s  
Fig. 1. 2D sectional view in the R-Z plane showing the active and passive con-
ducting structures of DTT discretized in STARWALL. The inner and outer shells 
of the vacuum vessel are represented by an axisymmetric thin wall (orange 
line) and through filaments (small red rectangles), respectively. The poloidal 
field coils, in-vessel coils and central solenoid are depicted in black. The first 
wall is shown as a blue line, with the JOREK computational boundary (green 
line) closely adherent to it, avoiding sharp discontinuities. For reference, the 
separatrix in this SN Day-0 scenario of DTT is shown in pink.

line), whereas the outer shell was modeled using toroidal filaments 
(red rectangles). The other conductive structures include the poloidal 
field coils, the central solenoid, and the in-vessel coils. The figure also 
shows the JOREK computational boundary (green line), which has been 
chosen to be as adherent as possible to the first wall (blue line), to avoid 
the sharp discontinuities of the latter. For reference, the separatrix of 
this SN Day-0 scenario of DTT is also displayed in pink. The vacuum 
vessel (VV) is made of stainless steel and the inner and outer shells have 
a resistivity 𝜂𝑤 = 0.75 𝜇𝛺m and a thickness 𝑑𝑤 = 15 mm.

To simulate the conditions of a plasma disruption and analyze RE 
formation, we implement an artificial thermal quench (ATQ) within 
JOREK, as successfully done in the past in other tokamak environ-
ments [5,21,24–26]. Although JOREK can simulate the TQ resulting 
3 
from massive material injection self-consistently [27], this is computa-
tionally expensive and is not needed for the present study, where the 
focus lies on the CQ phase and RE formation. The ATQ methodology is 
designed to initiate a controlled cooling of the plasma, allowing the 
temperature to drop rapidly to a target level representative of post-
TQ conditions. This rapid cooling mimics the TQ phase of an actual 
disruption, setting up the conditions necessary to study RE generation 
in the CQ phase. The ATQ is implemented in three subsequent key 
steps, described below. It is important to emphasize that this division 
into steps is purely intended to facilitate the simulations, addressing 
each aspect (thermal cooling, current flattening and impurity injection) 
separately.

1. Increase in thermal diffusivity: the perpendicular thermal diffu-
sivity (𝜒⟂) is artificially raised to initiate a rapid temperature 
collapse. This step is run until the maximum electron tempera-
ture (𝑇𝑒) reaches approximately 10 eV, simulating the extreme 
cooling that occurs during a disruption (𝑇𝑒 drop in Fig.  3). At 
the end of this step, 𝜒⟂ is set back to its physical value (Table 
1).

2. Current profile flattening: a high hyper-resistivity is applied to 
mimic the effects of magnetic reconnection and the current spike 
occurring during disruptions. This approach reduces gradients 
in the current density profile and flattens the safety factor (𝑞) 
profile, establishing a more uniform electric field distribution 
(constant 𝑇𝑒 and 𝐼𝑝 spike in Fig.  3). During this step, the Ohmic 
heating is switched off in order to isolate the effect of the ap-
plied hyper-resistivity on the current profile. Once a satisfactory 
current profile flattening is obtained, the hyper-resistivity is set 
back to a negligible value.

3. Impurity injection: impurities are uniformly introduced into the 
computational domain. Neon is used as the impurity in the 
present study. Once the desired impurity level is reached, the 
injection is stopped. Although, physically, the injection of impu-
rities precedes the thermal collapse, here they are not the cause 
of the TQ, which is triggered artificially in step 1. Impurities 
are instead meant to ensure a balance between the radiative 
cooling and Ohmic heating, in order to establish the plasma 
conditions that will govern the subsequent, self-consistent CQ 
phase, which will be run with the value of the main physical 
parameters reported in Table  1.

The ATQ method creates a simplified yet effective approximation of the 
TQ, allowing us to focus on the RE beam formation in the post-TQ phase 
without simulating the full complexity of the 3D TQ physics, which 
will be addressed in a separate work. By establishing conditions of high 
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Fig. 2. Profiles of the electron density and single-fluid temperature used in this work (blue lines), compared with the profiles obtained with an older version of 
CREATE-NL [28] (orange lines). The density profile implemented in JOREK is a fitted approximation of the original profile. The most recent version of CREATE-NL 
equilibrium (blue curves, those implemented in JOREK) uses a simplified bell-shaped function for the temperature, but adopts the most up-to-date geometries 
and is MHD stable. The shapes of the older version (orange lines) have been plotted for reference only. The key reason why it is possible to use the simplified 
temperature profile is that this work focuses on the CQ (the critical phase for RE avalanche), where the temperature is a result of the self-consistent balance 
between Ohmic heating and impurity radiation.
resistivity and a flattened current profile, the ATQ provides a controlled 
environment to examine the evolution of REs in the CQ phase.

The Day-0 scenario of DTT, where the plasma current is limited to 
2 MA and the vacuum toroidal magnetic field 𝐵𝜙 is limited to 3 T, 
provides an opportunity to evaluate RE risks in a low-power environ-
ment before advancing to higher power levels. In the framework of this 
study, we focus on a simplified version of the single null (SN) Day-
0 scenario of DTT (scenario A1) [29], obtained with the most recent 
version of CREATE-NL [28], in which the temperature is assumed to 
follow a bell-shaped profile (blue line in Fig.  2) and the 𝑞 profile 
is always greater than 1. For reference, Fig.  2 also depicts the non-
simplified plasma temperature profile (orange curves), obtained with 
an older version of CREATE-NL. In this older version, the geometries 
were outdated and the plasma was not MHD stable. Consequently, 
choosing the most recent equilibrium allows us to have the most up-to-
date geometries and to simplify the computation, avoiding potentially 
cumbersome difficulties in simulating a scenario with 𝑞 < 1 in the core. 
This is possible here because, as mentioned above, during the very first 
step of the ATQ procedure we are numerically tuning the perpendicular 
thermal diffusivity in such a way as to provoke a thermal collapse. 
The results following this operation are marginally dependent on the 
initial temperature distribution, as the maximum electron temperature 
is decreased by several orders of magnitude (𝑇𝑒,max in Fig.  3 goes from 
4 keV to 10 eV). We want to emphasize here that the reason why it is 
possible to use this approach is that the focus of this work lies in the CQ 
phase, which is the critical one for what concerns RE multiplication. In 
this phase, the plasma parameters have their physical values and the 
temperature is calculated self-consistently according to JOREK energy 
balance equations. This methodology allows us to reach in a flexible 
and convenient way post-TQ phase, where we can focus on the CQ 
and RE avalanche. Additionally, in the second step of the ATQ we 
would have anyway a profound modification of the 𝑞 profile, since it 
will be flattened in the core together with the plasma current profile. 
For this reason, considering the procedure we are carrying out within 
this framework, the initial conditions concerning the temperature and 
the 𝑞 profile do not dramatically affect the results we will discuss in 
Section 3. The plasma density is instead obtained through a fit of the 
4 
original profile to simplify numerical calculations. The temperature and 
plasma density as represented by the blue lines in Fig.  2 are then 
used inside JOREK, together with the corresponding FF’ profile and 
the poloidal flux at the computational boundary, to calculate the initial 
equilibrium by solving the Grad–Shafranov equation.

As mentioned earlier, the initial RE seed used to start the simulation 
represents the primary RE formation mechanisms. Its estimation is 
challenging, as it can span several orders of magnitude. In order to 
provide a comprehensive assessment of the generation of REs in the 
Day-0 scenario of DTT, we present in Section 3 the results obtained 
using three different initial RE seeds: 2 A, 200 A, and 20 kA. It should 
be noted that this upper-bound value already represents 1% of the 
initial plasma current, indicating that 1% of the current after the 
thermal quench would be carried by electrons with kinetic energies 
high enough that the toroidal electric field acceleration they encounter 
exceeds the collisional drag. Nevertheless, it is important to examine 
how the change in these initial conditions affects the growth of the RE 
population during the CQ. Similarly, the number of impurities injected 
in the third step of the ATQ, as described above, is also an important 
factor in determining the dynamics of REs in the CQ, as they contribute 
to the cooling of the plasma and, hence, to the increase in electrical 
resistivity. Moreover, when the impurity density is large enough, the 
avalanche gain can be strongly boosted by the bound electrons around 
the partially ionized impurities, which are more efficient in increasing 
the avalanche growth rate by acting as knock-on targets than in reduc-
ing it by increasing drag [30]. However, unlike the initial RE seed, this 
parameter can be controlled externally, as the number of impurities 
injected inside the plasma depends on the disruption mitigation system 
that is used when a disruption is detected. We analyze results that span 
several orders of magnitude, from 𝑁𝑖𝑚𝑝 ≈ 1 ⋅ 1019 to 𝑁𝑖𝑚𝑝 ≈ 3 ⋅ 1021 (in 
a computational volume of ≈ 52 m3). This upper-bound level indicates 
an impurity content which is very close to that of the background ions 
(Fig.  3). It is worth exploring the full range of combinations of initial 
RE seed and impurity content to understand to what extent the early 
operational phase of DTT can be considered safe with respect to REs. 
The parameter ranges in this work were chosen to provide a broad 
overview of the RE generation for this DTT scenario. Future studies 
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Fig. 3. From top to bottom: plasma current (𝐼𝑝, solid line) and RE current (𝐼𝑅𝐸 , dashed line); maximum electron temperature (𝑇e,max); particle content of ions 
(𝑁𝑖𝑜𝑛, solid line) and impurities (𝑁𝑖𝑚𝑝, dashed line). All the lines are drawn for different impurity levels, with and without REs under an intermediate initial RE 
seed current of 200 A. A brighter shade of the colors is used to indicate simulations with the same characteristics but without an RE population. For this RE seed 
current, they virtually superimpose with the lines for simulations that consider REs, since the role of REs is marginal in affecting the CQ dynamics here. Until 
𝑡 ≈ 1 ms, all the curves overlap, since this is the phase in which the first two steps of the ATQ (as described in Section 2) are run.
may explore more pessimistic assumptions, such as higher initial seed 
currents and impurity concentration or different impurity species, to 
further probe the safety boundaries.

3. Results and discussion

This section presents and discusses the results of the simulations 
performed by exploring the effects of impurities and initial RE seed 
currents on the CQ dynamics and on the RE current growth. Several sce-
narios were analyzed, including a benchmark simulation with neither 
impurities nor REs and cases with varying impurity levels and initial 
RE seed currents.

Fig.  3 illustrates the disruption evolution for various levels of im-
purities, with and without REs, using an intermediate initial RE seed 
current of 200 A. The top graph shows the evolution of the plasma 
current (𝐼𝑝, solid line) and the RE current (𝐼𝑅𝐸 , dashed line), while the 
middle and bottom graphs, respectively, depict the maximum electron 
temperature (𝑇e,max) and the particle content of ions (𝑁𝑖𝑜𝑛, solid line) 
and impurities (𝑁𝑖𝑚𝑝, dashed line) within the computational domain. 
During the initial phase of the simulation, up to approximately 𝑡 ≈ 1 ms, 
all curves overlap. This period corresponds to the first two steps of 
the ATQ procedure described in Section 2. In the first step, a rapid 
temperature drop occurs due to the artificial increase in thermal diffu-
sivity, reducing the electron temperature (𝑇𝑒) to approximately 10 eV. 
In the second step, the plasma current (𝐼𝑝) experiences a spike (while 
the electron temperature remains constant because Ohmic heating is 
switched off), reflecting the flattening of the current profile. The curves 
begin to diverge during the impurity injection phase (third step of the 
ATQ), as the duration of this step varies depending on the impurity 
content in each simulation, indicated by the color of the corresponding 
curve. For the case with the lowest impurity content (green line), the 
plasma current decays very slowly, closely resembling the benchmark 
case without impurities (black line). This behavior is attributed to 
5 
the limited impact of impurities on the electron temperature (mid-
dle plot in Fig.  3) and, consequently, on the electrical resistivity. In 
contrast, higher impurity concentrations enhance radiative cooling of 
the plasma, maintaining a lower electron temperature during the CQ, 
which significantly increases plasma resistivity and accelerates the CQ, 
as indicated by the much more rapid decay of the plasma current (solid 
lines in the top plot of Fig.  3). With an initial RE seed of 200 A, the 
influence of REs on CQ dynamics is negligible. This is evident from 
the close overlap of curves with the same color but different shades 
in Fig.  3, corresponding to simulations with and without REs for the 
same impurity content. Even at the upper limit of the impurity range 
(𝑁𝑖𝑚𝑝 ≈ 3 ⋅1021), slightly exceeding the background plasma content, the 
maximum RE current remains below 0.1 MA.

The time evolution of plasma and RE currents resulting from sim-
ulations with the highest initial RE seed in the range considered in 
this work, equal to 20 kA, is shown in Fig.  4. It does not include the 
evolution of the maximum electron temperature and particle content, 
as there are virtually no differences from Fig.  3. It is immediately 
noticeable in Fig.  4 how this increase in the initial RE seed by a factor of 
100 has changed the CQ dynamics for the simulation with the highest 
impurity level (the dark red curves). In fact, while a sufficiently low 
impurity value does not change the behavior compared to the cases 
without REs or with a lower RE seed, when combining the upper-bound 
RE seed current (20 kA) and impurity level (3 ⋅1021 particles), the CQ is 
significantly slowed by the growth of the RE current, which reaches a 
peak of around 0.8 MA. It could be reasonably anticipated that, in the 
case of strong RE formation, REs would carry the full current during 
the CQ at some point when the thermal current has decayed away 
resistively. The reason this is not the case in the scenario considered 
here lies in the assumed mitigation scenario and scrape-off layer (SOL) 
temperature. Since the dark red line in Fig.  4 corresponds to a strong 
injection of impurities, the post-TQ temperatures inside and outside 
the separatrix become comparable in the course of the CQ, so that 
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Fig. 4. Time evolution of the plasma current (𝐼𝑝, solid line) and RE current (𝐼𝑅𝐸 , dashed line) with the highest initial RE seed in the range considered in this 
work, equal to 20 kA. All the lines are drawn for different impurity levels, with and without REs. A lighter shade of the colors is used to indicate simulations 
with the same characteristics of their counterparts, but without RE population: they virtually superimpose for the two smaller impurity contents (green and blue 
lines), while they diverge for the highest impurity content (red lines), as REs start avalanching.
Fig. 5. RE density profile at the peak 𝐼𝑅𝐸 (𝑡 ≈ 5.7 s) in the case with an RE 
seed current of 20 kA and 𝑁𝑖𝑚𝑝 ≈ 3 ⋅ 1021 (dark red lines in Fig.  4). The white 
line indicates the separatrix and highlights the fact that all the REs are within 
the confined region.

substantial currents can be induced in the open field line region, as 
described in [26]. Moreover, the large halo currents are due to the 
relatively high SOL temperature during the CQ, as in these simulations 
it is assumed that radiation dissipation ceases below 5 eV. These 
currents cannot be converted into REs, as they would be immediately 
lost at material structures and, thus, remain thermal. Consequently, 
virtually the entire current inside the confined region is converted into 
RE current as expected, but substantial thermal currents remain in the 
SOL region during the vertical motion, explaining the gap between the 
6 
dashed and the solid dark red lines in Fig.  4. Although the assumption 
on radiation dissipation does not impact the main conclusions of this 
paper, accurately calculating the SOL temperature will be essential for 
full current scenarios, where substantial RE formation is expected. Fig. 
5 shows the density profile of REs at the peak of 𝐼𝑅𝐸 for the highest 
impurity content (dark red curve, 𝑡 ≈ 5.7 s), highlighting the fact that 
the growth of REs is stopped by the scraping-off of the plasma against 
the first wall due to its upward vertical motion.

Fig.  6 summarizes the time evolution of the RE current following 
different initial RE seeds and different impurity contents. For clarity, 
the currents corresponding to the lowest initial RE seed considered in 
this work (2 A) have been multiplied by 100. From the plot it is clear 
that the two lowest initial RE seeds, that is, 2 A and 200 A (dotted 
and dashed lines of Fig.  6, respectively), produce virtually the same RE 
current behavior, differing only by a constant scaling factor equal to 
the ratio of their respective initial RE seeds. The behavior is instead 
different when the largest initial RE seed (20 kA) is combined with the 
highest number of impurities: in this case, the growth of the RE current 
is slowed by the feedback of the electric field and by the scraping-off 
effect of the wall due to vertical motion (Fig.  5), limiting it to less 
than 1 MA. This non-linear saturation is a key result, as a 100-fold 
increase in the initial seed (from 200 A to 20 kA) leads to only a 10-
fold increase in the maximum RE current. This suggests that our 20 
kA simulation can be considered a reasonable proxy for a worst-case, 
avalanche-dominated scenario, at least with respect to RE seed. Were 
the seed an order of magnitude larger, it would constitute a significant 
threat on its own, even with minimal multiplication. Such a scenario 
would shift the focus from RE avalanche during CQ to the initial seed 
generation mechanisms and is outside the scope of this study.

Considering the results presented in this section, one of the key find-
ings of this work is that non-negligible RE currents are only observed 
in a scenario that combines the highest initial RE seed current (20 kA) 
and impurity content (𝑁𝑖𝑚𝑝 ≈ 3⋅1021 particles) used in this work. In this 
worst-case scenario, the RE current reaches a peak of approximately 
0.8 MA. Although this case highlights a scenario where REs have a 
noticeable impact, it is important to stress that these conditions should 
be easily avoidable in practical Day-0 operations of DTT. In fact, for 
all other combinations of initial RE seed currents and impurity levels 
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Fig. 6. Time evolution of the RE current for varying impurity levels and for the three initial RE seed currents considered in this study: 2 A (dotted lines), 200 
A (dashed lines) and 20 kA (solid lines). To improve clarity, the 𝐼𝑅𝐸 values corresponding to the lowest initial seed current (2 A, dotted lines) have been scaled 
by a factor of 100.
studied, RE generation remains minimal to negligible. For example, 
with low initial RE seed currents (e.g., 2 A or 200 A), even the highest 
impurity levels produce RE currents well below 0.1 MA. This behavior 
demonstrates that under such conditions, REs do not pose a significant 
concern and their presence does not substantially affect CQ dynamics, 
as evident from the superposition of plasma current decay curves for 
cases with and without REs (Fig.  3). It is also worth emphasizing that 
the maximum value of impurity content used in some simulations was 
valuable for exploring the upper bounds of RE risks but does not reflect 
realistic operational conditions. A disruption mitigation strategy for the 
Day-0 phase can rely on moderate impurity injection levels, avoiding 
the high plasma resistivity and toroidal electric fields that favor RE 
generation. The results suggest that managing the number of impurities 
injected is a straightforward and effective approach to completely 
suppress RE formation. Moreover, the relatively low plasma current on 
Day-0 (𝐼𝑝 = 2 MA) inherently limits the RE avalanche compared to 
scenarios at higher current, further contributing to operational safety.

Overall, this study demonstrates that the Day-0 operational scenario 
of DTT can be considered safe regarding the risks associated with RE 
beams. With careful control of the impurity content, the generation of 
REs can be effectively minimized or avoided, ensuring the integrity of 
the plasma-facing components during this initial phase.

4. Conclusions

The investigation of RE generation in DTT during the initial Day-
0 operational phase has provided valuable insights into the dynamics 
and risks associated with REs in a low-current setting. Using a combi-
nation of the non-linear MHD code JOREK and the vacuum-field code 
STARWALL, we have employed an artificial thermal quench in order 
to mimic the physics that occurs during a disruption, allowing us to 
directly simulate the current quench phase avoiding the computational 
complexity of self-consistent disruption simulations, which will be 
investigated separately in future work. This study analyzes various post-
disruption conditions, obtained by systematically varying the impurity 
content and initial RE seed currents over several orders of magnitude, 
in order to evaluate their impact on RE formation. The results indicate 
that in the Day-0 scenario, where plasma current is limited to 2 MA, it 
is possible to observe relatively high RE beam currents (≈ 0.8 MA) only 
when an initial RE seed current of 20 kA, the upper bound of our scan, 
7 
is combined with an impurity content slightly larger than that of the 
background plasma. Even if it is difficult to predict with confidence 
the magnitude of the initial RE seed current, it is possible to design 
a disruption mitigation strategy for the Day-0 scenario that does not 
require the injection of such a large number of impurity particles, thus 
avoiding the conditions that dramatically enhance the RE avalanche 
in the first place. These findings underscore how, at reduced power 
levels, REs pose minimal risks to the plasma-facing components of 
DTT, confirming the safety regarding REs during the Day-0 phase and 
removing the immediate need for complex RE mitigation strategies. 
It is important to emphasize that this work is specifically limited to 
the risks associated with runaway electron generation in the DTT Day-
0 scenario. A comprehensive disruption safety assessment must also 
consider other critical aspects, such as the thermal loads on PFCs 
during the TQ and electromagnetic forces. Such an integrated analysis 
is beyond the scope of the present study.

As DTT transitions to full power scenarios, with target plasma cur-
rents up to 5.5 MA, the potential for RE generation and the associated 
risks to PFCs will increase. The Day-0 scenario is not easily susceptible 
to RE formation (except for the pessimistic case combining the upper 
ends of our parameter scan), since the RE avalanching is not fast 
enough in comparison to the vertical motion of the plasma. Dedicated 
RE studies for DTT 2 MA operation would likely only be realistic in 
circular plasma cross-sections, where no vertical instability arises, and 
an RE beam can form on longer timescales. However, as the operation 
scales up to full power (5.5 MA), the RE avalanche is expected to 
accelerate significantly due to its exponential dependence on the pre-
disruption current. Consequently, the maximum potential avalanching 
gain will increase substantially, making RE formation a much more 
critical concern in standard elongated configurations, highlighting the 
need for further investigations.

Future studies will focus on examining RE behavior in DTT’s 5.5 
MA scenario, including the investigation of mitigation strategies such 
as the strategic placement of sacrificial limiters to protect the first wall 
from the elevated RE loads anticipated at higher currents. Furthermore, 
incorporating 3D plasma instabilities and dynamics, as well as assessing 
detailed 3D RE termination events, will provide a more comprehensive 
understanding of RE beam dynamics and their interaction with PFCs. 
These efforts will yield critical insights, ensuring RE-safe operation of 
DTT and enabling its role as a valuable platform for advancing fusion 
energy research and technology development.
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