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61 ICREA and Barcelona Supercomputing Center, Barcelona, Spain
62 Istituto dei Sistemi Complessi—CNR and Dipartimento di Energia—Politecnico di Torino, C.so Duca
degli Abruzzi 24, 10129 Torino, Italy
63 Universidad Carlos III de Madrid, Madrid, Spain
64 Eindhoven University of Technology, Eindhoven, Netherlands
65 Politecnico di Milano, Milan, Italy
66 Rudolf Peierls Centre for Theoretical Physics, University of Oxford, Oxford OX1 3PU, United
Kingdom of Great Britain and Northern Ireland
67 Space and Plasma Physics, EECS, KTH, SE-100 44 Stockholm, Sweden
68 Aix Marseille University, CNRS, IUSTI UMR 7343, F-13013 Marseille, France
69 EUROfusion Programme Management Unit, Boltzmannstr. 2, 85748 Garching, Germany
70 University Roma Tre, via Vito Volterra N◦62, CAP 00146 Rome, Italy
71 Lithuanian Energy Institute, Laboratory of Nuclear Installation Safety, Breslaujos Str. 3, LT-44403
Kaunas, Lithuania
72 V.N. Karazin Kharkiv National University, Kharkiv, Ukraine
73 Center for Energy Research (CER), University of California-San Diego (UCSD), La Jolla, CA, United
States of America
74 Massachusetts Institute of Technology, Plasma Science and Fusion Center, Cambridge, MA 02139,
United States of America
75 Warsaw University of Technology, Nowowiejska 15/19, 00-665 Warsaw, Poland
76 Faculty of Mathematics and Natural Sciences, Heinrich Heine University Düsseldorf, 40225
Düsseldorf, Germany

E-mail: Emmanuel.joffrin@cea.fr

Received 16 December 2023, revised 30 January 2024
Accepted for publication 21 February 2024
Published 30 August 2024

Abstract
Within the 9th European Framework programme, since 2021 EUROfusion is operating five
tokamaks under the auspices of a single Task Force called ‘Tokamak Exploitation’. The goal is
to benefit from the complementary capabilities of each machine in a coordinated way and help
in developing a scientific output scalable to future largre machines. The programme of this Task
Force ensures that ASDEX Upgrade, MAST-U, TCV, WEST and JET (since 2022) work
together to achieve the objectives of Missions 1 and 2 of the EUROfusion Roadmap:
i) demonstrate plasma scenarios that increase the success margin of ITER and satisfy the
requirements of DEMO and, ii) demonstrate an integrated approach that can handle the large
power leaving ITER and DEMO plasmas. The Tokamak Exploitation task force has therefore
organized experiments on these two missions with the goal to strengthen the physics and
operational basis for the ITER baseline scenario and for exploiting the recent plasma exhaust
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enhancements in all four devices (PEX: Plasma EXhaust) for exploring the solution for handling
heat and particle exhaust in ITER and develop the conceptual solutions for DEMO. The ITER
Baseline scenario has been developed in a similar way in ASDEX Upgrade, TCV and JET. Key
risks for ITER such as disruptions and run-aways have been also investigated in TCV, ASDEX
Upgrade and JET. Experiments have explored successfully different divertor configurations
(standard, super-X, snowflakes) in MAST-U and TCV and studied tungsten melting in WEST
and ASDEX Upgrade. The input from the smaller devices to JET has also been proven
successful to set-up novel control schemes on disruption avoidance and detachment.

Keywords: JET, ASDEX Upgrade, MAST-U, TCV, WEST, Tokamak Exploitation Task Force,
EUROfusion

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

1. Introduction

The overarching priorities of this EUROfusion tokamak pro-
gramme are to: (i) prepare ITER exploitation, (ii) guide
the DEMO design, and (iii) exploit the recent machine
enhancements, in particular those related to plasma exhaust
(PEX: Plasma EXhaust). In the new European framework pro-
gramme (2021–2025), EUROfusion has therefore gathered the
experimental tokamak activities under a single structure called
Tokamak Exploitation (TE). This Task Force is developing
the scientific EUROfusion programme along the European
Roadmap using five devices: ASDEX Upgrade (AUG) [1],
JET [2],MAST-U [3], TCV [4], andWEST [5]. Taking advant-
age of the complementary capabilities of each machines, the
TE Task Force has developed a unified scientific programme
along these three directions in close collaboration with devices
domestic programme. In 2021 and 2022, particular emphasize
was given to the physics basis of the ITER baseline scenario
and strengthening the items for the ITER non-nuclear plasma
phases, to the exploration with small or no-ELM (edge loc-
alized modes) scenario for DEMO and the investigation of
alternative divertor geometries to exploit the new enhance-
ments on AUG [1], MAST-U [3], TCV [4] and WEST [5].

The TE scientific programme has developed strong ties
between devices on the operational and physics basis of the
ITER baseline scenario. In particular, this has been the case
for consolidating the operation of the ITER baseline scen-
ario, the development of disruption avoidance and run-away
mitigation as well as plasma breakdown, error field studies
and plasma conditioning. Protecting plasma facing compon-
ents (PFCs) in a fusion reactor requires keeping both steady
state and transient heat loads to acceptable limits (typically
less than 10 MW/m2 and <0.5 MJ/m2 within 0.5 ms for any
ELMs [6]) together with ensuring sufficient component life-
times. In the 2021 and 2022 experimental TE programme,
emphasis was therefore given to (i) the investigation of altern-
ative divertor geometries, (ii) the assessment of the ITER rel-
evant tungsten PFCs, (iii) the physics and active control of
plasma detachment and (iv) themitigation of transients (ELMs
& disruptions). Taking advantage of the complementary cap-
abilities of each machine, the TE Task Force has developed a
unified scientific programme in close collaboration with each
device.

This paper is organized along the nine ‘research topics’ that
the TE Task Force has set-up, each addressing a set of specific
scientific objectives and using the capabilities of the EU avail-
able devices to achieve them:

- Core-Edge-SOL (scrape-off layer) integrated H-mode
scenario compatible with exhaust constraints in support
of ITER. This objective aims at consolidating the opera-
tion of the baseline scenario for ITER [7] at low core and
pedestal collisionality, and then, develop its compatibility
with divertor detachment at high current.

- Physics understanding of alternatives to Type-I ELM
regime. Extending the parameters space of no- or small
ELM scenarios to large Psep/R and/or pedestal top colli-
sionalities is essential preserving the wall integrity in for
ITER andDEMO [8]. In addition, the exploration of negat-
ive triangularity (NT) is included here since it may lead to
the operation of edge-localized mode-free L-mode regime
with a larger strike-point radius thus ameliorating divertor
power-handling requirements.

- Strategies for disruption and run-away mitigation.
Disruption and run-away electrons are considered as the
first risk for the safe operation of ITER and a fusion power
plant [9]. This topic has therefore been given a high pri-
ority in the TE programme using SPI (Shattered Pellet
Injection) as the mitigation technique with the participa-
tion of ITER organization in JET and AUG experiments.

- Physics-based machine generic systems for an integrated
control of plasma discharge. Developing and testing dis-
ruption avoidance and detachment control are two prior-
ities for the future operation of ITER. In addition, this
section has also addressed important strategies in support
of the ITER scenarios such as the optimization of plasma
breakdown, exit and entry to the H-mode and the charac-
terization of error fields.

- Physics of divertor detachment and its control for ITER
and DEMO operation. The understanding of detachment
access is mandatory if detachment control is to be intro-
duced in larger devices like ITER or DEMO [10] as well
as finding the optimal extrinsic impurity mix and its extra-
polation at higher edge pedestal temperature. This topic
is also addressing the physics understanding of edge-SOL
particle and heat transport in detached conditions.
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- Preparation of efficient PFCs operation for ITER and
DEMO. High particle and power loads on the ITER diver-
tor require testing actively ITER-grade cooled components
up to the maximum particle fluence [11]. This research
topic also addresses fuel retention and removal (with relev-
ant conditioning methods) and the quantification of mater-
ial erosion frommetallic wall under plasma conditions rel-
evant for ITER.

- Physics understanding of alternative divertor configura-
tions as risk mitigation for DEMO. Alternative divertor
configurations have recently emerged in response to the
DEMO divertor target requirements. This topic exploits
in particular the new PEX upgrade in MAST-U and TCV
and quantifies the ELM heat loads and detachment condi-
tions in those configurations. PEX upgrades on AUG will
be available by the end of 2024.

- Physics and operational basis for high beta long pulse
scenarios. A viable solution for a stable steady state scen-
ario at high β remains an important objective for the TE
Task Force in view of JT-60SA and DEMO. This part aims
also at defining the required control schemes and, in the
more long term, the compatibility of long high β pulses
with the wall constraints [12].

- Physics understanding of energetics particles confinement
and their interplay with thermal plasma. This research
topic focusses on understanding and quantifying the sta-
bilization of ion core turbulence by energetic particles and
fast ion losses by MHD instabilities with the ultimate goal
improving the prediction of burning plasmas performance.

The results below are summarizing the main results of the
task force since 2021. They demonstrate the importance of
combining the input of several devices to achieve the scientific
objectives of each research topic.

2. Core-Edge-SOL integrated H-mode scenario
compatible with exhaust constraints in support of
ITER

2.1. Strengthening the physics basis of the ITER baseline
scenario

The ITER baseline scenario (IBL) has been jointly investig-
ated on AUG [13, 14] and TCV [15, 16]. The recent devel-
opments in TCV were made possible with the installation of
an NBI heating source, allowing ELMy H-modes at ITER rel-
evant βN. The IBL scenario is mainly characterized by low
q95 (3.0–3.6), high positive triangularity (PT) (δ > 0.35) and
relatively high elongation (K > 1.65) and normalized beta
(βN > 1.5). In AUG, these combinations lead to very steep
and narrow edge transport barriers, when good confinement
is obtained, with high pedestal pressure and therefore large
type-I ELM crashes. A similar behaviour is also observed on
TCV where discharges with similar confinement properties
(H98 ∼ 1) and normalized beta (βN ∼ 1.8), as those expec-
ted for the ITER baseline scenario, have been obtained. TCV
IBL performance is mainly limited by (neoclassical) tearing
modes, in particular 2/1 modes. They can be avoided with

Figure 1. ITER Baseline plasma shapes developed at TCV (orange)
to AUG (green), JET (red) and ITER (blue). The aspect ratio is kept
constant. Reproduced from [16]. © The Author(s). Published by
IOP Publishing Ltd. CC BY 4.0.

central X3 EC heating at relatively high q95 and moderate βN.
However, the lack of significant ECH at the high central dens-
ities obtained in the TCV IBL scenario limits the duration of
low q95 cases to about six confinement times. During this time,
the current density can fully evolve and the density usually
keeps peaking until (neoclassical) tearing modes are triggered
(N)TM. Integrated modelling results show that ion temperat-
ure gradient (ITG) modes are the dominant instabilities in both
AUG and TCV IBLs and that, in TCV, NBI fuelling also plays
a role to sustain the mainly turbulent-driven significant peaked
density profiles.

In TCV, type-I ELMs are also challenging for achieving
a stable ramp-up in TCV, as the large ELMs challenge ver-
tical stability and frequently trigger NTMs. It is shown in
TCV that the issue is alleviated, when entering into H-mode
at reduced top triangularity, as the ELMs are more frequent
under these conditions. The triangularity is then subsequently
increased during the H-mode phase. This strategy helps avoid-
ing large early ELMs entering H-mode and can be applied
in ITER. Entering H-mode at higher q95 is also efficient to
avoid the NTMs seeded by ELM crashes. Using this strategy,
IBL shapes investigated at AUG (and at JET in past exper-
iments), but also the foreseen ITER shape have been repro-
duced at TCV (figure 1). Similar to the shaping technique, Ip
can then be increased once in H-mode, which is also a strategy
applicable in ITER. Like in TCV, recent studies at AUG have
shown that the stability of the plasma is strongly improved
when entering a small ELM regime at low heating powers and
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large D2 fuelling gas puff. Safe termination has been demon-
strated at q95 ∼ 3 on AUG and q95 ∼ 4 at TCV [16] utilizing
predictive optimization using the RAPTOR code. The main
ingredients for a safe and yet rapid termination are a decrease
of plasma current together with a decrease of elongation, while
controlling the heat sources during the whole termination to
control the power balance as also done in JET [17]. The goal
being to trigger an H-L transition at about 1/3 of the ramp-
down, the elongation should not decrease too fast, to avoid too
low q95 values and the H-L transition should not occur too late
to avoid a too large Greenwald fraction. These key ingredients
allow a control of the time evolution of the internal induct-
ance, elongation and power balance. These studies have also
been used to develop the real-time termination algorithm used
in JET baseline scenarios.

In summary, the ITER baseline scenario has been
developed in AUG and TCV with good performance using
the same plasma shape than JET and in the future ITER. The
stability domain at function of q95 and β has been identi-
fied and the H-mode exit strategy optimized using RAPTOR
simulations.

2.2. Towards the development of radiative scenario at low
collisionality

Based on these results, partial detachment requirements for
the ITER baseline scenario have then been tested in TCV
using nitrogen seeding but resulted in larger ELMs [16]. In
ASDEXUpgrade, the parameter space of the ITER baselineH-
mode with reduced ELMs has also been explored via impurity
seeding of Ar and Kr with varying heating power. In particular,
this helped to achieve the regime with larger heating powers.
In both devices, more experiments are needed to develop the
radiative scenario [14].

In JET, an integrated, Ne-seeded H-mode at 2.7 T/2.5 MA
was first demonstrated in previous campaigns at high
power [18]. This scenario is using an ITER-like shape as
shown on figure 1 (similar to the TCV and AUG shapes) with
an upper triangularity of ∼0.35 and the strike points on the
vertical divertor target. Note that this JET scenario is differ-
ent from the baseline scenario developed for the DTE2 cam-
paign (upper triangularity of 0.2 and strike points in the diver-
tor corner) to maximize the fusion power [19] without impur-
ity seeding. The JET Ne-seeded scenario could be achieved in
stationary conditions for 5 s with about 30MWof input power,
H98(y,2) = 0.9, βN = 2.2, and a radiative fraction of 86% with
very small ELMs (less than 0.3% variation in stored energy),
strongly reduced divertor temperature and partial detachment.
It was shown recently that the level of confinement in Ne-
seeded discharges was likely achieved thanks to the higher
pedestal temperature and increased angular rotation [20]. This
scenario was then adapted and run for the first time in a 50–50
D-T mixture in JET with the ITER-like wall at 2.5 MA during
DTE2 campaign [18].

Building on this previous successful JET neon seeded radi-
ative scenario and on the results in AUG and TCV presen-
ted above, the more recent programme of the TE task force is
extending the operational space at higher plasma current (up

to 3.2 MA/3.45 T) towards lower core and pedestal collision-
ality with partial detachment and documented both N2- and
Ne-seeded scenarios for comparison with modelling in view
of the extrapolation to ITER [21].

3. Physics understanding of alternatives to Type-I
ELM regime

In reactor scenarios, strict conditions will be imposed on tran-
sient heat loads resulting from ELMs that are a common
feature of the ITER baseline scenario. The quasi-continuous
exhaust (QCE) scenario developed on AUG and then exported
to TCV is an attractive ELM-free regime (showing a broaden-
ing of the SOL power fall-off length and a low concentration
of high-Z impurities in the core). A physics picture explain-
ing this regime starts to emerge: ballooning modes near the
last closed flux surface governed by the pressure gradient and
the magnetic shear are destabilised through various effects
[22–24].

In TCV, the impact of plasma shaping on the properties of
SOL profiles and transport at the outer mid-plane has been
investigated through a dedicated database of TCV discharges
ranging from type-I (low δ) to QCE (large δ). Both paral-
lel heat load and near-SOL density profile broaden signi-
ficantly at increasing αt, whereas in the far SOL a density
shoulder has been observed to form when moving from low
to high δu. An enhancement of radial turbulent particle trans-
port is observed [25]. In ASDEX Upgrade, the operational
space with respect to the separatrix conditions, the so called
‘SepOS’ [26], is established for QCE and compared to type-I
ELMy plasmas [27] (figure 2). Significant broadening of the
power fall-off length is observed, correlating to an increased
separatrix density and pressure. Both TCV and AUG exhibit
flatter SOL density profiles at higher values ofαt, where theory
predicts the plasma to be more resistive interchange unstable.
The flattening of density profiles is accompanied as well by
an increase of the heat flux decay length and an increase of
the fraction of energy towards the first wall [28]. An observed
increase of fluctuations in the near and far SOL in the high tur-
bulence regime is suggestive of an increase of convective fil-
amentary transport as primary cause of increased energy and
particle load towards first wall. The reactor relevance of the
scenario was demonstrated by expanding the operational space
to low edge safety factor and demonstrating the benign tung-
sten impurity behaviour [27].

This no-ELM regime has been exported to JET to gain
more confidence in the scenario by demonstrating it in a lar-
ger device. TheQCE scenario has been successfully developed
at JET building on knowledge gained from previous exper-
iments in ASDEX Upgrade and TCV, namely high plasma
shaping and high density/pressure at the vicinity of the sep-
aratrix through strong gas puffing [29].

In the last years, the Enhanced D-Alpha (EDA) regime,
which has similarities to the QCE, has also gained maturity
on AUG [30]. Various parameter scans showed that increasing
heating power raises core and edge temperature, while higher
gas puff leads to a small density increase and extends the
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Figure 2. AUG separatrix operational space in edge density ne,edge
and temperature Te,edge of the data set with BT = −2.5 T and
Ip = 0.8 MA. Open blue symbols represent QCE phases, filled red
symbols represent type-I ELMy phases. Reproduced from [27].
© 2023 The Author(s). Published by IOP Publishing Ltd on behalf
of the IAEA. All rights reserved.

no-ELM power window. Impurity seeding in EDA H-modes
resulted in some of the best core-edge integration solutions
among no-ELM regimes. Stationary discharges with nitro-
gen seeding proved very effective in increasing radiation and
lowering divertor temperature while maintaining good energy
confinement, as well as the presence of the Quasi-Coherent
Modes (QCM) and no ELMs. Argon seeding allowed for ped-
estal radiative cooling, not only reducing the power flowing
to the SOL, but also extends the no-ELM power window. An
experimental characterisation of the QCM and its impact on
the pedestal transport was found to be challenging and more
dedicated experiments seem necessary. Similarly, to the QCE
regime, the EDA regime has been established on JET in the
recent months. Interpretation with modelling has also pro-
gressed in particular with non-linear extended MHD simula-
tions with JOREK showing partial agreement with the exper-
imental observations [31].

L-mode plasmas with NT are another example of natural
ELM-free regime. Indeed, a necessary condition for the access
to H-mode is the accessibility of 2nd ballooning stability near
the edge, which is avoided with sufficiently NT at either the
top or the X-point (taking a lower-single-null shape as ) [32].
Recent experiments have been carried out on TCV and AUG
using the PT and NT shapes in similar ITG dominant transport
conditions. They have shown an encouraging picture regard-
ing NT effects. In TCV, a strong beneficial effect of NT that
allows NT L-modes to largely overcome the performance of
corresponding PT plasmas is shown, reaching the central pres-
sure and temperature values of higher power H-modes. AUG
also shows cases where NT plasmas reach central values com-
parable to PT plasmas. The beneficial effect of NT was con-
firmed by gyrokinetic runs to be due to an increase of the
critical temperature logarithmic gradient when inverting the
triangularity, with similar stiffness for positive and NT. The

effect has been found in both ITG- and TEM-dominant micro-
instability regimes [33]. In both tokamaks, part of the better
performance of NT seems to be coming from the SOL, res-
ulting in larger n, T at the last closed flux surface. In TCV,
it was also noted that the measured temperature peak at the
outer strike point is higher in NT than in PT [34]. Indeed,
experiments and simulations points towards lower λq in NT
configuration L-Mode compared to the PT L-Mode. Power
exhaust may remain a challenging question for NT in future
experiments.

In the past 2 years, ELM-free regimes established in AUG
have been successfully exported to TCV and is now attempted
in JET to gain confidence on its operation in a larger device.
In addition, NT discharges in TCV and AUG have demon-
strated better performance than PT pulses possibly coming
from the different edge conditions. These are important pro-
gress towards the design of ITER and DEMO scenarios with
reduced heat loads to the wall.

4. Strategies for disruption and run-away mitigation

4.1. Disruption mitigation studies with shattered pellet
injection

The integrity of ITER’s PFCs can also be put at risk by thermal
and magnetic energy losses during the thermal and current
quench (TQ & CQ) phases of disruptions and/or impacts of
high-energy runaway electrons. In JET, an upgraded shattered
pellet injector (SPI) systemwas tested to enhance pellet assim-
ilation to obtain the higher radiative fraction (>90%) required
for ITER (figure 3). Following the recent installation [35] and
experiments [36] with the SPI on AUG, the use in JET [37]
provides an up-scaling approach for ITER for the mitigation
of heat loads at the TQ and CQ. Recently JET has been
able to investigate single, staggered and dual pellet injection
with different Ne/D ratio showing different levels of particle
assimilation [38]. In addition, the JET Thomson scattering dia-
gnostic has been modified to measure the density evolution at
the time the pellet penetrates the plasma. These data are essen-
tial for constraining the JOREK modelling [39] in view of the
predictions to ITER.

Using the upgraded SPI, JET has for example validated its
use for the mitigation of vertical displacement event (VDE)
in ITER, which can cause deleterious electro-magnetic (EM)
loads on the vessel of tokamak and thermal loads on the PFCs.
It is found that SPI can prevent the toroidal asymmetrical
phase of the VDE, i.e. AVDE and the exponential growth of
the plasma current centroid vertical position is interrupted and
stabilised (figure 4). In addition, it was demonstrated that the
vessel reaction forces are strongly reduced in mitigated VDEs
and was demonstrated that the difference in the energy depos-
ited to the beryllium upper dump plates is about 5 times less
than for unmitigated VDEs. From these results, it can be con-
cluded that the SPI can be considered as a reliable method for
protecting a machine from VDE although more modelling and
experiments would be needed to extrapolate these results to
ITER [40, 41].
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Figure 3. Hα cloud recorded by the JET fast camera at the time of
the pellet penetration. The overlaid equilibrium is the last prior to
the pellet arrival. Reproduced with permission from [38].

Figure 4. Suppression of VDE by SPI (a) plasma current, (b)
current centroid vertical position, (c) q95. Reproduced with
permission from [41].

4.2. Run-away mitigation

A benign termination technique for run-away electrons (RE)
has been developed in both AUG and TCV, and their opera-
tional space explored in a systematic manner. It was found that
benign termination requires a low density companion plasma,
which is achieved through cooling via neutral conduction. An
upper limit in neutral pressure was observed and attributed to

increasing collisions between the REs and neutrals, leading
to a rise in the density of the companion plasma. Complete
expulsion of run-away and conversion of magnetic energy to
radiated energy was observed at the final collapse. The effic-
acy of this conversion was linked to the MHD mode growth
rate and neutral pressure at the time of collapse. This tech-
nique was successfully used at run-away currents of up to
600 kA on ASDEX Upgrade with maximum heat fluxes to the
wall below what is observed in a non-benign termination at
200 kA [42, 43].

More recently, JET has continued to developed run-away
mitigation by injecting a large amount of low-Z species
(hydrogen or deuterium) with the SPI [44]. It is found that the
ability of the deuterium or hydrogen to lead to benign termin-
ation is a complex interplay between the amount of impurities
still present in the cold companion plasma, the vessel neutral
pressure, the runaway current and the injection timing with
respect to the natural evolution of the beam. Limits of this
scheme are being explored and as well as the characterization
of the companion plasma in benign vs. non-benign situation
[45].

Disruption mitigation has been explored intensively with
the JET SPI and further experiments are planned in AUG with
an SPI injector with different capabilities (i.e. different shat-
tering angles) than the JET one. In JET, mitigation of VDEs
with the SPI has been demonstrated experimentally and is
reproduced via modelling. In addition, mitigation of run-away
electrons using pure deuterium or hydrogen gas injection has
been demonstrated in AUG and TCV and the limits of these
schemes characterized with respect to the companion plasma
and vessel neutral pressure.

5. Physics-based machine generic systems for an
integrated control of plasma discharge

5.1. Disruption avoidance

Disruption avoidance is amajor topic that the TE task force has
addressed in the past 2 years in AUG and TCV. Efforts have
been made to reproduce control networks on several devices
for a specific disruption avoidance type as well as optimized
error field identification and plasma breakdown for ITER (see
the next two sections as well). Within the EUROfusion pro-
gramme the disruptive H-Mode density limit (HDL) has been
studied further on three devices (ASDEX Upgrade, TCV and
JET) [46]. Advanced real time control coupled with improved
real time diagnostics has enabled the routine disruption avoid-
ance due to the HDL. This allowed the systematic study of
the influence of various plasma parameters on the onset and
behaviour of the HDL in regimes not easily accessible other-
wise. The upper triangularity δtop of the plasma is found to
have a significant influence on the X-Point Radiator (XPR,
see section 6 below), which plays a major role for the evol-
ution of the disruptive HDL [46]. At high δtop the gas flow
at which the onset of the XPR occurs is strongly reduced
compared to low triangularity. The reduction of the upper
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Figure 5. Automatic calculation of disruption characteristic times based on the correlation of various quantities, where Iplasma is the actual
plasma current, Iref is the reference plasma current, ECEcore and SXRcore are proxies for the core temperature based respectively on Electron
Cyclotron Emission and on Soft x-rays diagnostic. Reproduced with permission from [48].

triangularity δtop has proven to be an effective actuator for the
HDL disruption avoidance on ASDEX Upgrade. The stable
existence of the XPR, which is thought to be a requirement
for detachment control in future devices, influences the beha-
viour of the HDL. This control scheme of a simultaneous
feedback control of empirical disruptive boundary and edge
density was imported from AUG to TCV and successfully
tested [47]. The avoidance of disruptions due to density lim-
its has been integrated and tested in real-time, demonstrat-
ing the capability of recovering the H-mode scenario after
the H-L back transition and the strong degradation caused
by the onset of a MARFE instability, i.e.; the XPR mov-
ing upwards. This test case control has been exported to JET
and implemented to demonstrate its applicability on a larger
device [46].

In addition, a novel concept has emerged for the construc-
tion of a standardized multi-machine disruption database and
the detailed study of JET disruption characteristics over the
last 10 years. The EUROfusion Disruption Database (DDB)
includes a fully automated workflow to build and validate a
multi-machine database based on standardized definition of
characteristic disruption parameters, such as thermal quench
(TQ) time, current quench (CQ) time, minor and major dis-
ruption times (tD), VDE, runaway electrons (RE) phases,
etc (figure 5) [48]. Moreover, it integrates various tools to
ensure reproducibility, data provenance tracking (data & code
version control based on continuous integration/deployment
tools), and compatibility with the ITER Integrated Modelling
& Analysis Suite (IMAS) framework [49]. Thanks to these
features, the framework developed is machine-generic and
can be easily transferred to any other machine, including
ITER for supporting empirical scaling or modelling activities
and enabling the development of Machine Learning (ML)
and Artificial Intelligence (AI) technologies for disruption
prevention.

Figure 6. Toroidal (loop) electric field versus prefill gas pressure,
both at the time of breakdown, for all attempted IC assisted
breakdown discharges in this study with BT = 1.7 T (red squares),
BT = 2.0 T (blue squares), and BT = 2.3 T (black squares).
Reproduced from [50]. © The Author(s). Published by IOP
Publishing Ltd. CC BY 4.0.

5.2. Plasma breakdown in ITER conditions

For the first time in JET, both ion cyclotron (IC) assisted and
Ohmic breakdown were achieved in D for the regime planned
for the first pre-fusion operation (PFPO-1) phase of ITER,
Eloop !0.33 V/m with BT = 1.7 T and where Electron cyclo-
tron (EC) breakdown assistance with 170 GHz waves would
not work. Plasma initiation with IC assisted breakdown was
significantly more robust than Ohmic breakdowns with the
same toroidal electric field and BT [50] (figure 6). Similar
encouraging experiments are underway on WEST with a full
tungsten wall.
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On ASDEX Upgrade, a series of dedicated experiments
have been performed using EC heating (X2) with a controlled
Ne impurity injection in the prefill phase, to mimic non-
favourable burn-through conditions such as those expected in
a discharge following a disruption event. These experiments
showed that optimised settings of ECH power (onset and dur-
ation of the pulse) have played a key role in allowing the
early Ne burn-through (with Ne concentration up to 14% and
EC power of 1.4 MW) [51]. Recent experiments with low
breakdown loop voltage on WEST have also been carried out
and will be continued in 2024 in a full tungsten wall. For an
efficient and robust use of such a technique, it is essential
to develop appropriate models capable of describing present
experiments and of extrapolating to (or predicting) future scen-
arios. A novel, model-based, automatic method to obtain the
desired magnetic field evolution during the breakdown and
early (feedforward) ramp-up phase, proposed for use on JT60-
SA and ITER, has been successfully tested for the first time on
TCV [52].

5.3. Error fields detections

Error Fields (EFs) are non-axisymmetric fields present in
tokamaks [53], which can potentially drive a plasma disruption
[54]. During ITER operation, the number of allowed disrup-
tions is very limited, especially when exploring high plasma
current regimes (Ip > 5 MA) [55]. A careful detection of EF
sources and their correction is thus crucial for a successful
operation of ITER, including the design and test of robust
and reliable disruption-free methods for EF identification.
To detect EFs, the compass scan method has been routinely
deployed on tokamaks worldwide and relies on the locked
mode (LM) onset [56] and was recently used inMAST-U [57].
However, the LM induced can have a potentially disruptive
behaviour. To encompass this issue, recently a non-disruptive
compass scan method has been tested in the DIII-D toka-
mak ohmic plasma scenario [58]. Similar to the conventional
compass scan, an increasing probing field is applied until
a LM forms. When the LM detector detects this event, the
plasma controller engages asynchronous density and EFCC
control waveforms that enable prompt healing of the mag-
netic island. To assess the portability of the non-disruptive
compass scan method to ITER, experiments have been per-
formed within Work Package Tokamak Exploitation at JET
and in MAST-U ohmic plasma scenarios [59]. Promising res-
ults have been obtained, which demonstrate the high fidelity of
the method. In particular, in JET the magnetic island healing
has been achieved not only by gas puff, as in DIII-D, but also
with pellet injection. This paves the way of using pellets to
increase the density in ITER during the non-disruptive com-
pass scan method, which is the preferable actuator because
of the slow time response of the gas valves (hundreds of ms
with gas vs tens of ms with pellets) and better particle pen-
etration of pellets. The first EFCC/density asynchronous con-
troller design for ITER-PFPO-1 based on these experimental
results is described in [59].

The three sections above illustrate the progress done in
controlling plasma discharge: similar disruption avoidance

control schemes have been developed on two devices (AUG
and TCV), RF-assisted plasma breakdown have been demon-
strated at electric fields close to those expected for plasma
breakdown in ITER and a new method for error field detection
tested successfully. These results are important for consolid-
ating the operation of the future ITER plasma discharges.

6. Physics of divertor detachment and its control
for ITER and DEMO operation

Separately from the development of the radiative scenario (see
section 2.2), this section addresses the detachment physics and
control studies achieved by the TE programme in the past
2 years. Controlling plasma steady state heat loads is indeed
key topic for ITER and efforts to develop sophisticated con-
trollers have been undertaken. For this, the X-point radiation
(XPR) [62] has become an attractive exhaust solution, fea-
turing full detachment at a radiated power fraction of 90%
and a moderate confinement reduction. An XPR scenario is
now established at AUG [62], TCV [60], WEST [5] and JET.
Plasma detachment is typically induced by impurity seeding
during the heating phase. In AUG, for the first time full detach-
ment with a 90% radiation fraction across the whole discharge
(including the transitions in and out of H-mode) was achieved
by employing X-point radiation (XPR) [61] (figure 7). The
XPR is monitored in real-time and regulated by nitrogen injec-
tion. The parameter space for operation with the XPR was sig-
nificantly extended, using this active feedback. The XPR (loc-
ation) acts as a buffer for the fast changing power flux during
the LH transition, which allows controlling actively and ensur-
ing the detached state. The XPR can now routinely be estab-
lished in SOLPS simulations for AUG [63] and TCV [64]. The
ELM suppression, connected to a high location of the XPR
above the X-point, is also observed in the whole parameter
range. Direct measurements of density and temperature from
the XPR region using the new divertor Thomson scattering
system at AUG indicate that a cold XPR core is developing
behind a radiating shell. Whether this cold XPR core exists
as soon as the radiator develops cannot be concluded yet. An
XPR is also observed in TCV by the injection of nitrogen as
extrinsic impurity. This highlights that the wall material (W
for AUG, C for TCV) or machine size does not play a signific-
ant role for the existence of the regime. However, the scenario
appears to be less stable for TCV. First experiments show the
necessity of an active control for this scheme as demonstrated
in AUG: the required nitrogen seeding level changes can lead
to a radiative collapse of the plasma, if the wall conditions and
the wall storage of nitrogen change.

Also, in a recent study on AUG, it was demonstrated that
divertor reattachment from weakly detached conditions was
primarily set by the core energy confinement time, while reat-
tachment from strongly detached conditions incurred an addi-
tional delay primarily governed by the energy needed for re-
ionization of the divertor neutral particles [65]. The work has
been extended as well to larger devices, namely JET, reveal-
ing that the time required for full re-ionisation of the neutral
volume between the X-point and outer divertor target under
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Figure 7. Position control of the XPR by nitrogen injection in TCV (left) and ASDEX Upgrade (right). The X-point radiator exists
independently of the wall material or device size. Reproduced from [60]. CC BY 4.0. Reproduced from [61] © 2024 The Author(s).
Published by IOP Publishing Ltd on behalf of the IAEA and EURATOM. All rights reserved.

fully detached conditions is approximately 1 s on JET [66].
Significant progress was achieved understanding the mitiga-
tion of the heat-flux deposition during ELMs on AUG in radi-
ative scenarios. Plasmas with extrinsic seeded impurities have
been performed on AUG, where it has been highlighted that Ar
seeding is necessary to achieve significant buffering of ELM
energy (f buff > 40%) [67].

The successful XPR control achieved throughout both the
L-mode and H-mode phases in AUG and the complement-
ary results in TCV and WEST demonstrate that the control of
steady state heat load can be established independently from
the device. Similar exploration presently done in JETwill pave
the way towards the design of a core-edge integrated scenario
in ITER.

7. Preparation of efficient PFCs operation for ITER
and DEMO

7.1. Advances in the qualification of ITER grade components

The installation of the full tungsten ITER grade actively cooled
components was completed in WEST in 2021 within the PEX
Upgrade [68] and was followed by the first high fluence cam-
paign, using repetitive long pulses to accumulate ITER rel-
evant fluence on the divertor [5, 69]. Actively cooled, tung-
sten components with exposed poloidal gaps showed crack-
network patterns. The present understanding is that this is due
to the impact of transient heat loads (such as disruptions) on
cold mono-blocks [70, 71].

An experiment has been carried out in AUG to examine the
power loading from ELM ions penetrating in toroidal gaps.

ELM-expelled ions can indeed penetrate gaps established
between individual mono-blocks in the toroidal direction and
induce large heat loads on the monoblock structures, espe-
cially close to the entrance into the gap. This phenomenon was
studied on AUG using H-mode discharges with large type-I
ELMs, both in the standard and reversed BT/Ip configuration,
with the help of thin Pt-coated marker gap samples implemen-
ted on the AUG divertor manipulator. The experimental results
agree with ion-orbit simulations and indicate strong penetra-
tion of the ions into the gaps, resulting in erosion of the Pt
markers at depths down to ∼1 mm [72]. In addition, revers-
ing the field and current directions also results in reversal of
the erosion patterns between upper and lower side faces of
the gap (in the poloidal direction). It is worth noticing that
the erosion patterns cannot be explained solely by consider-
ing guiding centre motion along magnetic field lines but the
direction of the ion orbits (field & current reversal) has to be
taken into account. In WEST, hot spots, which were predicted
to happen in ITER at toroidal gap crossings [70], were evid-
enced experimentally through post exposure examination of
the divertor Plasma Facing Units (PFU) [73]. A first experi-
ment was carried out using the Very High Resolution Infra-
Red camera of WEST to measure associated heat loads dur-
ing operation. Analysis has shown that the interpretation of
infra-red data in the gap areas requires extensive modelling
using photon ray tracing codes, as in addition to usual reflec-
tion issues with metallic PFU, gaps are prone to a ‘cavity
effect’ amplifying the infra-red signal [74, 75]. Experiments
at higher power are needed to have a clear evidence of the
gap heat loading. Concerning W melting, experiments have
been carried out on AUG to investigate bridging of tungsten
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Figure 8. Left: Zoomed-in final deformation profile near the gap in ASDEX Upgrade. Reproduced from [76] © 2024 The Author(s).
Published by IOP Publishing Ltd on behalf of the IAEA. All rights reserved Right: infrared image of the plasma-facing unit with 1.5 mm
misalignment in WEST. Reprinted from [74], Copyright (2023), with permission from Elsevier.

mono-block gaps by moving melt fronts and resulting from
successive melt events caused by transients [72]. The exper-
imental findings of the bridging event (figure 8) were valid-
ated byMEMENTO simulations and indicate that themelt will
relatively freely cross the gaps without penetrating into the gap
[76]. On the other hand, melting experiments by steady state
heat loads on actively cooled tungsten components have been
carried out in WEST, using a dedicated PFU with a machined
groove to expose the subsequent PFU leading edge (figure 8).
This has allowed to benchmarking theMEMENTO code under
a regime of shallow melting/slow melt layer motion obtained
under such conditions for actively cooled components [73].

7.2. Erosion and retention studies in metallic wall

Erosion of Tungsten (in JET, AUG, WEST) and Beryllium
(in JET) is comprehensively investigated in EU metallic toka-
maks. As in AUG and JET, strong erosion and deposition
patterns have been observed on the High Field Side of all
machines, most strongly in the divertor region after the first
phase of WEST operation. Although the result of different
plasma conditions in WEST (L-mode) and AUG (ELMy H-
mode), the W net erosion at the outer strike point is estimated
in the range of 0.1 nm s−1 in attached plasmas for both cases
[68].

JET experiments recently identified the role of Beryllium
chemically assisted physical sputtering (CAPS) of inner wall
limiters with extensive modelling of the intra- and inter-
ELM tungsten erosion (with ERO2.0). The role of chemic-
ally assisted physical sputtering of Be was investigated by
carrying out a series of limiter pulses: by heating the lim-
iter up to clarify the temperature dependence of sputtering.
This was done both with and without Ne and N2 seeding. The
measured sputtering yield of Be shows a clear dependence on
surface temperature such that the CAPS component vanishes
at higher temperatures. This is proposed to be due to the form-
ation of BeDx molecules. In a new set of experiments, the role
of enhanced impurity concentration in sputtering could be dis-
tinguished from that of the surface temperature. Especially, the
Ne data shows that medium-Z seeding is not the driver for the
observed erosion patterns but a strong chemical dependence

is apparent. Quite surprisingly, also in helium plasmas CAPS
was observed together with a noticeable BeH signal. This sug-
gests that hydrogen (or deuterium) from previous discharges
is persistently retained in the wall (or deposits on top) and can
contribute to the erosion even after extended periods in helium
[77–79]. W erosion, both in the inter- and intra-ELM phases,
has also been investigated on JET and WEST and extensively
modelled using ERO2.0. Focus has been put on understanding
the role of CX ions on main-chamber erosion, which has been
observed to be noticeable. In WEST, first 3D simulations have
been carried out, outlining the importance of adequately mod-
elling discrete limiters to assess the global tungsten erosion
source.

Fuel retention has also been investigated on JET both
with the help of gas-balance experiments and using the
newly installed Laser-Induced Desorption Quadruple Mass
Spectrometry (LID-QMS) diagnostics [80]. In the gas-balance
experiments the amount of injected gas retained in the ves-
sel during a series of identical plasma discharges has been
determined. So far the results have been inconclusive, how-
ever, detailed analyses are ongoing and their outcome will be
reported elsewhere. LID-QMS, for its part, has recently been
commissioned and used to clean wall tiles at the inner divertor
of JET as well as monitor accumulation of fuel (including T)
on them during subsequent plasma operations.

7.3. Wall conditioning

Wall conditioning and fuel control methods in PFCs have been
optimized in several EU devices using high power ion and
electron cyclotron (IC & EC) injection to control the release
of impurities from the first wall and affect recycling of hydro-
genic fuel fluxes (H, D, T). This is used to constrain the predic-
tions of the efficiency of IC & EC conditioning in view of the
initial phase of ITER [81]. Experiments on ECWC have been
carried out on AUG and TCV. OnAUG, particular focus points
were scanning the location of the resonance layer as well as the
vertical B field, with the goal in optimizing the uniformity of
the discharges. On TCV, similar scans were performed, partly
as a continuation of earlier works [82]. The main outcomes
of this exercise were that the vertical field has a strong role
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in improving the confinement, stronger than ECWC absorp-
tion. Scanning the field can also improve reaching different
main-chamber areas and thus condition them, however, on
AUG, reaching the high-field side regions remain a challenge.
Modelling of the results using the TOMATOR code is ongoing
[83].

In addition, changeover experiments have also been
executed on JET and WEST. For JET, this was done in con-
nection with the He campaign [84, 85], by investigating the
fuel retention characteristics in connection with He → H and
H → He transitions, both when applying ICWC and regular
plasma pulses in tokamaks. The JET results show that in a
metallic device (with Be and/or W) the changeover down to
residual gas levels of 2%–5% can be accomplished with∼10-
15 ICWC pulses and ∼5 plasma pulses and that the H → He
transition is clearly faster [86]. On WEST with a full tungsten
wall, D → H and H → D transitions were investigated. These
were observed to take more time than anticipated to reach the
desired isotopic saturation level. This is thought to be due to
strong recycling of the H or D particles thus slowing down
their exhaust from the vessel.

The previous three sections illustrated the progress made
on plasmawall interaction using EUROfusionmetallic devices
AUG, WEST and JET: the toroidal gap heat loading has been
understood and can now be predicted for ITER components,
the first in-situ fuel retention diagnostic (LID-QMS) has been
commissioned successfully in JET and RF (IC or EC) wall
conditioning has been optimized and successfully used for
both conditioning and fuel recovery in several devices. These
advances are increasing confidence in future plasma operation
in a full metallic wall environment and improving the under-
standing on erosion of plasma-facing components in various
plasmas, including T and He.

8. Physics understanding of alternative divertor
configurations as risk mitigation for DEMO

Using the recent PEX (Plasma EXhaust) upgrades, both
MAST-U and TCV have developed long leg divertor geo-
metries (figure 9) demonstrating increased capabilities in
mitigating heat fluxes both in L- and H-mode discharges.
Increasing divertor leg length facilitates access to detachment
and provides a wider detachment window, proportional to
the leg length Lleg. This is mostly attributed to an increased
level of divertor volumetric power dissipation with increas-
ing Lleg, rather than a SOL width increase [87]. Modelling
using SOLPS-ITER confirms that tightly baffled, long-legged
divertor performance is mainly due to a better neutral confine-
ment with improved plasma-neutral interactions in the diver-
tor region [64]. In MAST-U, studies of plasma exhaust have
concentrated on comparing conventional and Super-X diver-
tor configurations [88]. In L-mode discharges, the separatrix
density required to detach the outer divertors is approximately
a factor 2 lower in the Super-X than the conventional configur-
ation, in good agreement with SOLPS-ITER simulations [89].
The importance of increased divertor volume in extended outer
leg divertor configurations has been studied in intermediate

Figure 9. Long legs shapes in TCV with baffles and MAST-U
respectively.

divertor configurations between a conventional and Super-X,
showing that additional volume downstream of the ionisation
front facilitated power and particle dissipation via plasma-
neutral interactions, similarly to TCV long leg divertor exper-
iments. In H-mode, conventional and Super-X configurations,
the outer divertors are attached in the former and detached in
the latter with no impact on core or pedestal confinement. A
reduction in the upstream density of up to 50% at the detach-
ment threshold was achieved in TCV and MAST-U devices
using long legs divertor configurations.

Extensive comparative studies on the role played by
molecular physics in detachment processes has been per-
formed on TCV and MAST-U, both equipped with full C
PFCs. On TCV [90] experimental and modelling activity
probed that plasma-molecule interaction provide additional
significant ion sources/sinks and power losses with respect to
simple atomic process. Additional physics processes involving
primarily D2+ molecules are shown to play a role during
divertor detachment. Ion target flux is observed to roll-over
due to both a reduction in the divertor ion source linked to
an increase in Molecular Activated Recombination (MAR)
which becomes significant only at sufficient low target tem-
perature (<2.5 eV). Similar investigation has been performed
as well on MAST-U in Super-X divertor [91]. Similar to TCV,
MAR physics is found to play a significant role but in addi-
tion to that, further molecular processes have been identi-
fied, namelyMolecular Activated Dissociation (MAD) as well
electron-ion recombination (EIR) all occurring in different
regions along the divertor leg accordingly to achieved temper-
ature. Comparative investigations will be extended to metal-
lic devices (WEST primarily) in order to assess the role, if
any, of these molecular physics in devices with different PFC
materials.
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Figure 10. Development of the high βN scenario in TCV and MAST-U: experimental database achieved with NBI on both devices
(+ECRH in TCV) showing the confinement enhancement factor with colour denoting the bootstrap current fraction. Reproduced from [93]
© 2024 The Author(s). Published by IOP Publishing Ltd on behalf of the IAEA. All rights reserved.

The combined experiments using the PEX upgrade in TCV
and MAST-U have demonstrated the benefit of alternative
divertor configuration for the control of the neutrals in the
divertor area. They have also enhanced our physics knowledge
about the detachment physics processes involving hydrogenic
molecules and neutrals.

9. Physics and operational basis for high beta long
pulse scenarios

Regarding scenario development, an effort is also currently
underway within the EUROfusion TE program to explore the
route towards high-β, steady-state scenarios on multiple toka-
mak devices. On TCV, two avenues have been explored in par-
allel, leveraging earlier attempts [92], with the ultimate aim
of merging them into a single optimized scenario. The first
avenue relies on well-established electron internal-transport
barriers (eITBs) that are fully sustained in steady-state by
2nd harmonic X-mode (X2) electron-cyclotron current drive
(ECCD) and bootstrap current [93], with past work bringing
the bootstrap fraction up to 100%. The second avenue starts
with an equally well-established H-mode regime powered by
NBI, thus featuring an edge transport barrier (ETB), to which
ECCD is added to increase the non-inductive current fraction.
OnMAST-U, routes to high βN have been explored, within the
H-mode regime, using the two available NBI sources (one on-
axis and one off-axis) in the baseline double null, up-down-
symmetric configuration. While the exploration of this para-
meter space to date is far from complete, a promising value
of βN = 3.4 was achieved transiently in MAST-U and quasi-
stationary, fully non-inductive conditions with βN = 1.8 and
a 35% bootstrap current fraction were achieved in TCV [93]
(figure 10). This endeavour is important to provide input to
JT-60SA for a stable route towards high-β steady-state scen-
arios. In the next years, EUROfusion TE programme will be
extended to AUG and WEST devices.

10. Physics understanding of energetics particles
confinement and their interplay with thermal plasma

In TCV, a robust scenario to study NBI driven AEs and their
control has successfully been developed using off-axis neut-
ral beam power [94]. NT is shown to have major impact on
observed TAE activity: TAEs appear to have a lower growth
rate and amplitude in the saturated phase in NT. In MAST-
U a Fast Ion Lost Detector (FILD) has also been installed
and recorded its first measurements [95] characterizing the
AE modes in a tight aspect ratio configuration. Using these
tools, studies of fast ions losses induced by ELMs were con-
ducted in TCV, MAST-U and AUG in different confinement
regimes [96]. In TCV andMAST-U experiments performed in
type-I and type-III ELMy regimes, respectively, confirm the
correlation between the occurrence of ELMs and increased
fast-ion losses. In addition, in low collisionality plasmas, lar-
ger increase of fast ion losses correlated with ELMs could be
observed. In high collisionality plasmas, smaller increase of
fast ion losses could be seen and nearly no impact on neutrons
nor changes in velocity-space distribution were observed.

In addition, in AUG, a set of experiments in ELMmitigated
(with resonant magnetic perturbation) plasmas have been car-
ried out with the aim of characterizing the impact of magnetic
perturbations on the confinement of beam ions. A dedicated
scan in MP current suggests the presence of a threshold for
the onset of fast-ion losses for the tangential beam source [97].
Simulations with the ASCOT code together with the exper-
imental findings suggest that the effect of the MPs on ELM
control could be made independent from the effect on fast-ion
confinement if an appropriate arrangement of the applied MP
spectrum and neutral beam sources is chosen. All these stud-
ies are bringing much better picture of the impact of ELMs
(mitigated or not) to the physics of fast-ions losses in H-mode
plasmas.

Fast-ions produced with neutral-beam injection (NBI) and
ion cyclotron resonance frequency (ICRF) have shown their
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role in relaxing the stiffness of ion heat transport in the core
in the plasma core of fusion devices [98]. Recent studies in
AUG have also established the role played by the ratio of ion
to electron heating and that it is beneficial to keep the domin-
ance of ion heating high in the discharge. This result is import-
ant as direct ion heating could also be favourable to increase
the edge ion heat flux to enter H-mode during the initial transi-
ent phases of the ITER discharges [99]. A new ITER-relevant
ICRF scenario for efficient ion heating in D-T plasmas, relying
on the presence of impurities in the plasma, have been demon-
strated at JET [100]. In addition, new results on the beneficial
impact of MeV-range fast ions in D-T plasmas were obtained
at JET [101], complementing earlier observations in the 2021
JET DT campaign [2].

Fast ions is a key ingredient in a burning plasma and the
above results are giving new insights about their behaviour
about ELMs, plasma shape (NT versus PT) and RMP thanks to
a new set of diagnostics in TCV, MAST-U and AUG. In addi-
tion, new ICRH scenario have now been optimized and could
become essential for efficient ion heating to access the burning
phase in the ITER baseline scenario.

11. Conclusions & outlook

In the past 2 years, the EUROfusion coordinated experiments
on several devices of different but complementary capabilities
have demonstrated the benefit for answering key questions for
ITER such as disruption mitigation, detachment control or the
qualification of ITER grade components. Key physics ques-
tions on divertor physics, 3D effects or fast particles have also
benefited from being tested in several devices with the support
of modelling codes. This has also motivated the creation of
subjective scientific readiness levels (SSRL) [102] to monitor
the scientific progress of the Tokamak Exploitation Task Force
and identify which devices have the potential to contribute to
the advancement of each objective.

JET has played a very important role in the advances repor-
ted in this paper. The 2023 new DT phase aimed at developing
a radiative scenario, detachment and isotopic control is essen-
tial to demonstrate these new findings in a mixed D/T plasma.
In addition, the SPI has continued a dense programme in sup-
port of the ITER disruption mitigation system (DMS). With
the ITER delay and JET ending, the next 10 years will have to
rely even more heavily on predictive modelling to ensure the
successful operation of ITER using the existing set of device
(AUG,MAST-U, TCV andWEST) and the historical JET data
for code benchmarking.

In the next 2 years, the TE task force will continue devel-
oping the nine lines of research presented in the introduc-
tion. With the changes to the wall material expected in ITER,
special emphasize will be given to plasma operation with a
full tungsten wall on topics such as conditioning by boron-
ization, transport of tungsten from the separatrix to the core
plasma, the impact of limiter operation or wall condition-
ing. At the same time, exploiting the recent PEX upgrade
in MAST-U, TCV and WEST will carry on and include the
new upper divertor [103]. The SPI installed in 2022 should

also contribute strongly to the understanding of disruption and
run-away mitigation using its different capabilities (such as
shattered angles) from the JET SPI. Additional ECRH power
in WEST [5] is expected in 2024 and will assist the develop-
ment of the long pulse H-mode in this device. In TCV [4], the
amount of steerable ECRH power is also stepped up in 2024
thus enhancing the development of scenarios and their control.
On its side, MAST-U will be equipped with a cryogenic pump
[3] and improve its capabilities in controlling the neutrals in
alternative divertor configuration. All these efforts are con-
ducted together with development of predictive capabilities to
achieve the objectives of the EUROfusion roadmap and con-
tribute to the exploitation of ITER and the conceptual design
of DEMO.
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