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Abstract

JET, the only tokamak capable of operating with deuterium—tritium (D-T) fuel (since TFTR
was shutdown in 1999), has provided essential experimental data to support ITER and DEMO
design and operation. Within the EUROfusion Tokamak Exploitation Work Package, JET
completed its final campaigns (2022—-2023), culminating in the third D-T campaign (DTE3).
These experiments addressed key challenges in plasma scenarios, exhaust control, and tritium
management under reactor-relevant conditions. Significant progress was achieved in
demonstrating ITER-like integrated scenarios with impurity seeding, achieving partial divertor
detachment and high confinement (Hog(y,2) ~ 0.85) at 3 MA in D-T plasmas. Advanced
exhaust regimes such as quasi-continuous exhaust (QCE) and X-point radiator (XPR) were
successfully achieved first in D-D and then extended to D-T operation, confirming their
relevance for mixed isotope operation. Operational milestones included a new world record of
69 MJ fusion energy in tritium-rich hybrid plasmas and long-pulse H-mode operation up to 60 s,
contributing with unique data to the CICLOP database. Physics studies focused on peeling-
limited pedestals in support of ITER and improved understanding of edge stability and impurity
screening in metallic environments. Extensive usage of the shattered pellet injector (SPI) on JET
provided critical information for the design of the ITER disruption mitigation system (DMS).
Real-time control systems for D/T ratio control and plasma exhaust were deployed and
demonstrated in D-D and D-T, while energetic particle physics investigations unfolded the role
of fast ions in turbulence suppression mechanisms. Comprehensive tritium retention studies
using gas balance method, post-mortem analysis, and ITER-relevant laser induced desorption
spectroscopy (LIDS) diagnostics provided essential input for tritium accountancy strategies.
These results are validating the ITER operational concepts, inform DEMO design, and deliver
critical experience in nuclear operation and scenario integration.
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1. Introduction

To ensure safe operation margins in next-step fusion devices
such as ITER and future power plants, experiments on large
tokamaks using deuterium—tritium (D-T) fuel mixtures are
essential to test scenarios scaling capabilities and compatibil-
ity with mixed isotope operation. These studies provide crit-
ical data for understanding plasma physics under conditions
approaching those of burning plasmas, while also inform-
ing operational procedures and identifying technological chal-
lenges. JET has played a pivotal role in this context for over
40 years [1], being the only device, together with TFTR, capa-
ble of operating with D-T mixtures. Designed as a large toka-
mak to explore reactor-relevant plasma behaviour, JET was
engineered to confine a significant fraction of alpha parti-
cles, up to 90% at 2.5 MA [2]. Following the first D-T cam-
paign (DTEL, 1997) [3], which revealed unacceptable tritium
retention [4], JET transitioned in 2010 from carbon to all-metal
plasma-facing components (PFCs) (beryllium main chamber,
tungsten divertor) [5] , pioneering metallic wall operation in
large tokamaks [2]. In 2021, JET conducted its second D-T
campaign (DTE2) [6], achieving major milestones: a record
fusion energy output of 59 MJ, improved confinement and
reduced energy losses in D-T plasmas compared to pure deu-
terium, and enhanced understanding of energetic ion dynam-
ics and multiscale transport [6, 7]. These results strength-
ened confidence in predictive modelling and provided new
insights into isotope effects, plasma-wall interactions (PWI),
and RF heating—all essential for ITER’s D-T operation. From
2022 to 2023, JET scientific program was integrated into the
EUROfusion Work Package Tokamak Exploitation (WPTE)
[8], alongside ASDEX Upgrade, MAST-U, TCV, and WEST.
This coordinated effort leveraged the unique capabilities of
each device to address key physics questions for ITER and
DEMO. This activity culminated with the final JET DT cam-
paigns, DTE3 [9], and the outcomes of this campaign as well
as the rest of the DD operation in 2022-2023 are presented in
this overview.

Leveraging the capabilities of individual devices, the
WPTE program aims to strengthen confidence in scenario
extrapolation, key physics understanding, and technical solu-
tions for next step fusion devices. It adopts a stepladder
approach from mid-size tokamaks to JET, enabling explo-
ration of a broader parameter space in terms of size, plasma
current, heating mix and power, shaping, and PFCs. JET’s con-
tribution has been essential for validating physics models and
scenario scalability to larger devices in a metallic environment
with higher heating power and isotope mixtures thanks to its
T handling capabilities. The JET experimental program under
WPTE spanned about two years (2022-2023) and came after
a campaign in Helium, previously reported in [10]. Figure 1

illustrates the sequence of campaigns presented in this con-

tribution designed as a single program where D-T operations

extended the preceding deuterium campaigns [8, 9]. The inclu-
sion of the JET device into this multi-machine program was
guided by a set of high-level objectives exploiting the unique

JET capabilities to complete and expand the plasma physics

knowledge and therefore progress along the research pillars of

WPTE program as described in [8]. These high levels objec-

tives can be summarized as follow:

Validate scenarios for next step devices: with exploration in D and
D-T to confirm compatibility in mixed-isotope species.
Several scenarios were considered for the campaign, each of
them pursued in view of potential solution for future larger
device. This included the ITER-relevant baseline H-mode with
extrinsic impurity seeding to ensure effective exhaust han-
dling; the no-ELM/small-ELMs scenarios and in particular the
quasi continuous exhaust (QCE) [11]; the highly radiative X-
point radiator scenarios (XPR) [12] and high-/y operation in
view of potential application to JT-60SA, as well as scenar-
ios developed initially for the DTE2 campaign like the high-
current baseline [13].

Addressing key physics gaps: towards next step devices. Among
the key topics identified for metallic devices effort was devoted
to the pedestal transport and stability at low v* [14], further
experimental investigation of high-Z impurities screening [15]
and further understanding of the role of fast ions in turbulence
stabilization and MHD activity.

Secure the safe and reliable operation for next step devices: this
scientific pillar was pursued via the full exploitation of the JET
Shattered Pellet Injection to inform ITER disruption and run-
away electron (RE) mitigation strategies, the advancement of
integrated plasma control compatible with D-T operation and
the increase of knowledge of deuterium and tritium retention

From the organizational point of view the last JET oper-
ation period tried to maximize the machine time availability,
properly weighting the operational risks with the awareness of
being the last chance of exploring issues that only JET could
address. The transition from Deuterium to D-T operation was
determined on the basis of a specific set of milestones con-
ceived to guarantee:

1. The completion of key scientific objectives in D-D before
D-T transition

2. The thorough preparation and the demonstration of readi-
ness of main target scenarios for D-T operation

3. The completion of the shattered pellet injector (SPI)
program, essential to inform ITER disruption mitigation
system (DMS) design, knowing that the SPI had to be
disconnected from the vessel before D-T operation with-
out the possibility to reinstall it before the JET final
shutdown.
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Figure 1. JET timeline for the period described in the present contribution started in November 2022. The violet colour indicates operation
in Deuterium, dark blue colour the DTE3 operation, light blue the cleaning operation. The JET operation ended on the 18th of December
2023 and started the corresponding decommissioning activities. LIBS exploitation, during non-campaign operation was performed in

August 2024.

The procedure put in place allowed to maximize the sci-
entific outcome of the campaign within the tight operational
constraints linked to the end-of-life of JET.

DTES3 operation strongly benefited from the recent DTE2
campaign, enabling the optimization of operational procedures
thanks to the recent experience in operating with mixed iso-
topes and properly documented in [16]. Unlike DTE2, both
neutral beam boxes in DTE3 were operated in deuterium,
offering higher reliability than trititum beams and minimizing
the change over time. Operations were organised in sessions
rather than single pulses. This offered higher flexibility to the
organisation of the programme thus providing the possibility
to adapt the programme of the session according to the results
obtained as well as to the machine daily technical condition.
As before, the campaign was constrained by the JET life-
time neutron budget limit of 2x 10?! 14 MeV neutrons. DTE2
and DTE3 together accounted for 86.8% of this budget [9],
thus confirming the optimal usage of the machine capabilities.
Operation immediately after the end of DTE3 were planned
to clean the residual trititum amount in the vessel and ensure
a safe decommissioning at the end of 2023. As detailed in
section 4.3, the cleaning procedure targetted a value of < 1%
of T gas in the plasma and the reduction of tritium content in
the exhaust gas below 0.02%: once reached JET entered its
final Deuterium campaign, as indicated in figure 1, aimed to
collect appropriate Deuterium reference to pulses executed in
DTES3 and extend operation to to unexplored boundaries as for
the case of the long-pulse operation described in section 2.6 or
negative triangularity.

In the first section, this paper will address the develop-
ment of scenarios compatible with a metallic wall. Exhaust
solutions for steady heat loads (such as detachment con-
trol) and transient heat loads (such as ELMs) are discussed.
Novel scenarios developed in smaller devices like the QCE
or the XPR regime have been successfully implemented on
JET and in addition run in both D-D and D-T. The next
section will present the physics issues relevant for next step
devices, namely the physics conditions for achieving impu-
rity screening, the exploration of pedestal collisionality and
stability in conditions close to ITER and the fast ion physics
in D-T plasma including alpha particles. Finally, the paper
will show important items essential for the safe operation of
ITER and the future fusion power plant. This includes the mit-
igation of disruptions and run-aways, the reliable control of
detachment isotope ratio in D-T and the inventory and recov-
ery the fuel using novel diagnostics relevant for the fusion
power plant.

2. Scenario validation for next step devices

2.1. JET-ITER baseline scenario with Ne seeding

In its reference 15 MA baseline scenario, ITER is expected to
operate with a partially detached divertor (with outer target
temperature T, < 5eV), achieved through a combination of
high divertor neutral pressure and extrinsic impurity seeding
[17], whilst maintaining a hot pedestal and high core perfor-
mance. These core-edge integration studies have been one of
the main programmatic line since the installation of the JET-
ILW [18].

To support the ITER operational point and provide a robust
dataset for model validation and scenario extrapolation, the
Ne-seeded JET-ITER baseline scenario has been developed in
the last deuterium campaigns and in DTE3. This scenario has
been designed with a magnetic configuration close to the ITER
foreseen one, with a closed divertor configuration and both the
strike points hitting the divertor vertical targets while feather-
ing an high triangularity (6, = 0.33-0.40, § = 0.35 )shape.
This scenario leverages on earlier experiments at 2.5 MA/2.7 T
in deuterium campaign preceding DTE2 operation [19], which
demonstrated the feasibility of Ne-seeded plasmas with good
performance (Hogy» ~0.9) and high radiation fraction (frag ~
0.86) under high-recycling divertor conditions: these condi-
tions were sustained for 4 s without W accumulation and
without significant ELM activity [19]. In DTE2, it was pos-
sible to re-establish the key features of this scenario: a similar
rise in the energy confinement time and normalised pressure,
improved pedestal pressure and the transition to small ELMs
with the increase in Ne concentration. Partial detachment was
obtained but the confinement remained modest in DTE2 with
an input power limited to 23-25 MW instead of the anticipated
28-30 MW.

Motivated by these promising results, dedicated exper-
iments were conducted in 2022-2023 to expand the oper-
ational space and investigate core-edge-exhaust integration.
Studies covered both deuterium and deuterium—tritium plas-
mas at higher input power, higher plasma current, and lower
pedestal collisionality. The goal was to understand conditions
for Type-I ELM-free plasmas with Ne and N seeding (the lat-
ter in D only). Discharges operated at high input power (30—
35 MW) with plasma current from 2.5 MA to 3.2 MA, and gys
from 2.7 to 3.3.

In the D-D campaign prior to DTE3, high-performance Ne-
seeded plasmas with I, = 2.5 MA, By = 2.7 T and P;, up
to 37 MW (with a combination of NBI and ICRH heating)
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demonstrate the robustness of the scenario as well as the reli-
able and reproducible access to ELM-free conditions. The sce-
nario features a good confinement ( up to Hog(y,2) ~ 0.9)
considering that it was obtained with high radiation frac-
tion fi.g &~ 70% and partial detachment of the outer strike
point (OSP) with Ne seeding. It is worth mentioning that,
in agreement with what earlier presented [19], for this spe-
cific scenario the radiation fraction estimated has been cor-
rected to achieve power balance following the methodology
available in [20].

The pedestal is substantially modified with increased Neon
content, with a reduction of pedestal density and a simultane-
ous increase of both ion and electron temperature (reaching
pedestal electron temperature Te q ~ 1 keV and pedestal ion
temperature T; peq =~ 1.5 keV to 2 keV for pedestal Neon con-
centration Cne = 1.5%—2%) leading to a pedestal collisional-
ity of 17 poq & 0.3-0.5.

While the overall pedestal pressure increases, its gra-
dient becomes shallower. The confinement improvement
with increasing Neon content is primarily attributed to the
enhanced pedestal temperature, with secondary contributions
from an increased E x B shear (rotation) and additional ben-
efit from improved core turbulence stabilization due to ion
dilution [21-23].

The ELM activity is substantially modified by the increased
Neon content with no collapse of the pedestal, reaching con-
ditions without distinct ELM activity as monitored by infrared
target temperature for Cne = 1.5% (with D-gas rate between
3.5-4.5 x 10?2 el s~1). Both ideal and resistive MHD stabil-
ity analysis were performed [24, 25]: the reduction of the
pedestal gradient with Neon is found together with a widen-
ing of the pedestal width. Resistive MHD description proved
to describe ELM triggering both in unseeded and seeded case
[25]. Attempts to extend the scenario to higher current up to
3.2 MA were technically challenging. The goal was to fur-
ther reduce the pedestal top collisionality and test the sce-
nario for lower scrape off layer heat flux width )\,. However,
the narrow operational window in terms of available power
with respect to L—H transition posed significant constraints.
Additionally, the risk of large electromagnetic (EM) forces in
case of disruption was a concern. Even at maximum available
power (Pi, =~ 37MW), plasmas at 3.2 MA/3.45 T could not
be sustained in stable H-mode. Only modest performance was
achieved at 3.0 MA/2.9 T (Hogy» ~ 0.7), as shown in the right
panel of figure 2.

Operation in D-T further expanded the accessible parame-
ter space, likely due to beneficial isotope effects reducing the
LH power threshold [26]. This is shown in the right panel
of figure 2 where D-D and D-T plasmas at 3.0 MA/29 T
with equivalent engineering parameters are shown highlight-
ing clear better confinement properties obtained with mixed
isotope operation. In the left panel of the same figure 2, a sim-
ilar comparison is shown for 2.5 MA/2.7 T where similar con-
finement properties in D-D and D-T could be obtained.

D-T operation enabled the demonstration of a fully
integrated Ne-seeded scenario at 3 MA/2.9 T with par-
tial divertor detachment (P;, =~ 34 MW, fow =~ 0.75, Oy = 2,
Hogy» ~ 0.85), sustained for more than 7 s without tungsten

accumulation and no significant ELM-activity as observed
from the infrared target temperature. Example of this scenario
with the best achieved performances are reported in [9] (figure
1) as well in figure 10. This scenario provides a unique dataset
on core-edge integration and an integrated team of specialists
is working together to understand the complex picture of inter-
connected phenomena (such as pedestal transport and stabil-
ity, near and far SOL transport and improved confinement with
Neon) combining efforts from global gyrokinetic simulations,
2D fluid codes, and integrated reduced models to understand
this scenario with the aim of increasing the reliability of pre-
dictions for ITER.

2.2. Implementation of small or no-ELM scenarios on JET:
the QCE regime

While the ITER baseline assumes operation with RMP-
suppressed ELMy scenarios, DEMO-class devices will require
robust small-ELM or no-ELM regimes to avoid unaccept-
able transient heat loads from ELM filaments. These opera-
tional modes must also ensure adequate particles and impu-
rities exhaust to prevent core plasma contamination and per-
formance degradation. The QCE is a natural Type-I ELM free
regime which has emerged as a promising candidate for such
applications [27, 28], featuring high core and edge density
which could facilitate impurity and helium ash exhaust while
maintaining good confinement and pedestal performance. The
QCE regime is characterized by the presence of small, frequent
filamentary like activity that provide continuous particle and
heat exhaust, thereby reducing peak divertor heat loads and
keeping pedestal pressure away from the large scale peeling-
ballooning stability limit.

The access condition to QCE for JET was established
by leveraging experience gained in medium size tokamaks
like ASDEX-Upgrade [28, 29] and TCV [30]; require-
ments include strong plasma shaping quantified by the shap-
ing parameter Sq = x*2(1 + §)%°-and high separatrix density
[29], the former providing stabilizing mechanisms for global
peeling-ballooning pedestal modes, whereas the latter ensur-
ing the destabilization of local ballooning modes, at the bot-
tom of the pedestal, which create benign transport before
global instabilities develop. This initial understanding enabled
the determination of an operational space for establishing the
QCE on JET which nevertheless required careful operation,
to cope with additional heat load on the upper dump plate
not conceived to handle high heat flux [31]. The QCE sce-
nario has been established with current up to Ip =2.25 MA
with strong plasma shaping (Sq > 5) and high separatrix den-
sity. This was achieved with high triangularity (6, ~ 0.47)
and elongation (x ~ 1.83), closely matching ITER projections
[11, 32]. High fuelling rates were employed, ensuring sepa-
ratrix electron temperatures T s, ~ 110 — 130 eV and densi-
ties of ne sep ~ 1.5 —3.5 X 10" m~3. Once the QCE scenario
was established, residual activity is observed in divertor spec-
troscopy signals (such as Be II, W-I line emission, or Infrared
maximum temperature). These fluctuations are interpreted as
filaments expelling plasma from the confined region without
affecting the pedestal top values as indicated by the absence
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Figure 2. Left column: Time traces comparison for shots 105612 and 104555, both at 2.5MA/2.7 T and respectively in D-D and D-T. From
top to bottom: input power, radiated power, normalized pressure Sy, Fusion power (for the D-T case), outer divertor target maximum
temperature from infrared measurement, Neon concentration in the pedestal region. The right column present a similar comparison for two
shots at 3.0 MA, 105519 (blue) and 104 600 (gold), respectively in D-D and D-T. It can be clearly seen that in the D-D case the plasma
remains in L-mode without significant improvement in Sy during the high power phase.

of fluctuations in ECE channels at the top of the pedestal.
This confirms the achievement of a Type-1 ELM free scenario,
although further work is underway to address the role of these
filaments on power load and tungsten sputtering both from the
target and first wall plasma facing components. An example of
a discharges where shape modification allowed to move from
Type-1 ELMy regime to QCE is shown in figure 3. In par-
ticular the time evolution of shaping parameter Sy is shown
together with the time traces of maximum temperature at the
target and pedestal temperature as estimated by an ECE chan-
nel close to pedestal top. The figure clearly shows how moving
the plasma to the QCE increased shape produces the vanish-
ing of ELM signature, both at the target and at the pedestal top,
thus showing the sensitivity of small-ELM regime to plasma
shape. Moderate neon seeding further aided in reducing diver-
tor heat flux and improving operational flexibility: the amount

of extrinsic impurity employed resulted in core concentrations
of cne = 0.8%. This seeding increased radiated power from
5.8 MW to 10.5 MW and decreased peak divertor temper-
ature variations AT from 130 Ks~! to 40 Ks~!, approach-
ing partial detachment, albeit without reducing particle flux.
Operation on JET expanded the parameter space explored in
medium size tokamaks also in term of achievable pedestal top
collisionality which reached values as low as 1/ ,.q ~ 0.9 [11].
A database of steady-state QCE phases (> 400 ms) was estab-
lished, covering plasma currents from 1.5 to 2.25 MA, toroidal
fields from 2.3 to 3.3 T, heating powers from 11 to 31 MW,
normalized pressures Sy from 1.0 to 2.4, pedestal densities
from 0.50 to 0.75 fgw, pedestal collisionalities v} from 0.9 to
2.0, and radiated fractions f;oq from 0.2 to 0.6 [32], extend-
ing therefore the parameter space explored in medium size
tokamaks.
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Figure 3. Example of transition from Type-I ELMy regime to QCE regime on JET D-D discharge. From top to bottom: (a) time evolution
of shaping parameter Sq (b))time trace of maximum target temperature as measured by infrared thermography; (c¢) ECE radiometer channel
close to pedestal top. Both (b) and (c) are showing the disappearance of ELM signature at the top of pedestal when moving to the QCE high
shaping magnetic configuration. In the panel on the right plasma shapes at time instants indicated by vertical lines in panel (a) are shown
exhibiting the changes when moving from Type-I ELMy to QCE-like space. The insight provides a zoom on divertor geometry where
divertor tile numbers are shown for reference. Reproduced from [32]. The Author(s). CC BY 4.0.

The QCE regime was successfully demonstrated in D—
T plasmas during the DTE3 campaign, confirming its com-
patibility with mixed isotope operation. Comparative analy-
sis of matched D-D and D-T pulses showed similar filament
characteristics and ELM suppression at identical shaping and
fuelling conditions. Pedestal profiles revealed higher electron
and ion temperatures, as well as higher pedestal density in D—
T, resulting in increased plasma pressure at comparable heat-
ing power [32]. Since the QCE is a high density regime, only
moderate central temperature was achievable on JET, there-
fore limiting the fusion power achievable. High absolute den-
sities are expected for accessing QCE regime in ITER and
DEMO, albeit at significantly higher pedestal temperatures
than those achievable in present-day machines. Future predic-
tions of fusion power in the QCE regime should be developed
in comparison with what is expected for the baseline ELMy
H-mode scenario. Nevertheless, the successful demonstration
of the QCE in D-T plasmas is an important milestone for this
regime, since no-significant show-stopper arose in mixed iso-
tope operation, making this operational mode a viable candi-
date for future devices requiring no-ELM regimes including
ITER [29, 33].

2.3. XPR Regime

Protecting divertor PFCs from extreme heat and particle flux is
critical for reactor operation, where DEMO-class devices are
expected to operate at high dissipative fractions (fiag = 95%),
exceeding ITER’s target. In this respect, the XPR regime is a
promising solution for power exhaust in fusion power plant

relevant conditions, achieving the requested radiation frac-
tion (frag = 70%) and potential ELM reduction while main-
taining a relatively good confinement. A stable solution of a
localized region near or slightly above the X-point, character-
ized by intense radiation, low electron temperature (1-2 eV)
and high plasma density has been experimentally identified
and reproducible achieved in all the major devices includ-
ing ASDEX-Upgrade and JET [12]. On JET initial opera-
tion with XPR regime was achieved at modest power [34, 35]
with feed-forward extrinsic impurities only. Extensive work
in medium size tokamaks confirmed, an XPR stable solution
can be controlled in real-time (RT) by carefully monitoring the
XPR vertical position thus providing a powerful system for
detachment control [36]. During the D-D campaign preced-
ing DTE3 JET achieved stable XPR scenarios using heating
powers up to 26 MW in low triangularity (§ = 0.22) H-mode
plasmas (I, =2.5 MA, B, =2.7 T). The XPR was explored ini-
tially by single impurity seeding testing different species such
as Nitrogen, Neon, or Argon. While Nitrogen was discarded,
given its incompatibility with D-T operation due to poten-
tial tritiated-ammonia production [37], pure Neon or Argon
seeding led to persistent L-H dithering, attributed to exces-
sive core radiation (Argon) or unfavourable pedestal trans-
port (Neon) at this plasma shape and power. Stable operation
was achieved using mixed Ar-Ne seeding, avoiding dither-
ing across a broad range of Ar/Ne ratios. In these conditions,
the divertor remained fully detached, and the radiated power
fraction, not corrected for achieving power balance, reached
up to 75% [38]. ELM activity diminished progressively with
increasing XPR height and vanished near the vertical position
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corresponding to the highest location which could be prop-
erly controlled before disruption. No substantial degradation
of plasma performances was observed whenever transition-
ing from ELMy to no-ELM regime in XPR regime. The
XPR scenario exploration strongly benefitted from an exten-
sive work on RT control of detachment and [36, 39]. The
control deployed on JET was based on sensors and actua-
tors compatible with D-T operation. The XPR position was
tracked using the KB5H bolometer system, with a spatial res-
olution enabling continuous monitoring. Control was imple-
mented via RT controlled Argon injection, while Neon was
programmed in feed-forward. The controller gains were opti-
mized using system identification techniques [36], allowing
robust performance despite actuator delays of approximately
1 s caused by the long gas lines and injection valve dynam-
ics. The control achieved positional accuracy within about
4 mm above the X-point and operated effectively across mixed
and pure Argon seeding phases: it demonstrated robustness
with respect to programmed power variations or transient
events as pellet injection. This capability enabled dynamic
impurity ratio scans while maintaining stable power exhaust.
Despite the fact that XPR on JET was previously achieved
as well with feed-forward only impurity seeding [34], the RT
control provided a significant improvement in stability and
operational flexibility, allowing the exploration of a wider
parameter range, limiting the disruption risk and ensuring a
safe transition to XPR no-ELM space and longer steady-state
phases.

The XPR regime and its control were successfully deployed
in D-T plasmas during JET’s DTE3 campaign. Noteworthy
is that the RT control of the XPR position worked smoothly
when transferred from D-D to D-T plasma, exhibiting the
same detachment dynamics and proving an easy transfer from
different isotope mixtures. In D-T discharges, the XPR was
maintained at a safe vertical position, far from potential posi-
tion causing plasma disruption (experienced from precedent
D-D experiments), while transitioning from mixed Ar—Ne to
pure Ar seeding. Figure 4 compares seeded and unseeded
D-T pulses: seeded cases achieved f,q = 70% (not corrected
for power balance), modestly increased stored energy and
confinement, and importantly showed no significant pedestal
degradation in no-ELM conditions. Investigation on kinetic
profiles, also shown in figure 4, indicate that the energy gain
is mainly attributed to the increase in core electron density,
with minor 7. contribution [12]. Detailed modelling of the
XPR regime in D-T plasmas is ongoing to elucidate impu-
rity transport and radiation distribution, as well as to assess
core-edge integration aspects. The successful demonstration
of the XPR regime in D-T plasmas with RT control marks a
significant advancement towards robust power exhaust solu-
tions for future fusion reactors. Thanks also to the succes-
full demonstration of the XPR in D-T plasma, the scenario
is now also considered as a potential candidate for ITER,
where modelling activities are in progress to test the com-
patibility with divertor design as well as potential impact on
confinement [40].

2.4. JET baseline scenarios

Since the installation of the ITER-like wall (ILW), the JET
baseline scenario has been developed for high-current oper-
ation with tungsten. Initial scenario development showed
reduced performance and confinement in ILW compared to
JET-C wall [41]. However, the high performance previously
obtained with the JET-C wall was ultimately matched in
ILW after four years of development and optimization [42].
This achievement required establishing an operational balance
between two competing requirements: the lowest feasible gas
dosing necessary to access high-performance regimes, and
the amount of gas needed to sustain sufficient ELM activity
required for edge density and W control. The fuelling strat-
egy that ultimately enabled this consisted of low gas puffing
combined with 2 mm pacing pellets for ELM triggering.

The JET baseline scenario development [13] has been car-
ried out through a stepwise increase of plasma current in D
plasmas, from 2.5 MA up to 4 MA. This progressive approach
inspired the ITER re-baselining strategy [43], which fore-
sees alternating D-D and D-T operation during the current
increase towards the target value. Already during scenario
development in D, the challenges of operating at high current
I, > 3.5 MA became evident: access to the high-performance
regime required the full availability of all tokamak systems
(high auxiliary heating, pellet injection, low impurity concen-
tration, etc) and was further constrained by low-ggs operation
(g95 ~ 2.8) imposed by toroidal field limits. In addition, since
auxiliary heating on JET is limited (P,ux = 40 MW nominally
foreseen for DTE2 [42] with P, = 34 MW actually achieved
[6]), operational point was ultimately set at (3.5 MA /3.3 T).
This was chosen as a compromise to reduce the risk of disrup-
tion at high current operation.

In DTEZ2, plasma performance aligned with extrapolations
from D-D to a 50-50 D-T mixture [44], but D-T plasmas sys-
tematically exhibited higher pedestal-top density and weaker
ELM activity [45]. The reduction in ELM frequency consis-
tently led to tungsten accumulation in the low-field side (LFS),
resulting in early pulse termination via the protection systems
triggered on high radiated fraction. Therefore, while the JET
baseline scenario could be routinely sustained for the full 5 s
flat-top duration in D-D at 3.5 MA, transferring it to full T and
D-T conditions reduced sustained pulse duration to only ~2—
3s. Extensive investigations were performed to clarify the role
of impurity transport [46, 47] and the influence of experimen-
tal conditions, starting from core—pedestal transport studies
[48] to fully integrated COCONUT core-edge-SOL modelling
[49]. COCONUT results indicate a reduced pedestal fuelling
efficiency in T with respect to D plasmas when operating at
low particle throughput: this has severe impact on the ELM
activity, with the disappearing of the benign compound ELM
activity observed in D-D [45] when moving to D-T, and
thence an increased impurity content observed experimentally.

In DTE3, the scenario was revisited to understand why
it could not be sustained at a plasma current of 3.5 MA.
Operation at high current above 3.5 MA were nevertheless
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avoided, as they were posing severe machine risk which could
potentially compromised PFCs samples intended for post-
mortem analysis. The main operational difference relative to
DTE2 was the use of pure-D NBI in DTE3. To account for this,
the fuelling scheme was re-evaluated via integrated modelling
[50], starting from the (3.0 MA/2.8 T) DTE2 reference pulse
and successfully adapted to achieve a 50-50 D-T mixture
in experiments. However, D-NBI fuelling caused a radial T-
concentration gradient, producing a D-rich core and 50-50
(or slightly T-rich) edge plasmas [51]. Since thermal neutron
fraction in baseline pulses typically exceeds 60% (i.e. f,, >
0.6), core D-enrichment degraded the fusion performance.
First attempts in DTE3 at (3.0MA/2.9T) with increased tri-
tium fuelling reproduced higher frequency ELM activity as
seen in DTE2 (JPN # 104661, see figure 5(a)). With a further
increase in the gas fuelling rate (JPN # 104662, figure 5(b)),
the MHD activity limited the performance and the plasma
stability when maximum heating power was applied. This
was mitigated by slightly reducing the input power (Pnp =
27TMW, Pgrp =~ 3MW), enabling—for the first time—a JET-
ILW baseline pulse in D-T sustained for more than 5s (pulse
JPN 104663) until programmed termination ((~ 7 s before
increasing gas to allow discharge soft landing)).

The extensive JET high-current D-T database carries
strong relevance for ITER, providing insights into isotope

effects, pellet fuelling, high-current operational limits, and
We-induced radiation asymmetries. However a key operational
lesson concerns the difficulty of transferring a scenario opti-
mised in D directly to DT, in particular whenever operating in
condition where potential disruptions could cause severe dam-
ages as was the case for high current. Even a well-established
D reference may lack critical components when applied to D—
T conditions. Future devices—including ITER—should there-
fore aim to minimize the risk associated to the scenario devel-
opment in D, while allocating a sufficient time to further
develop the plasma scenarios in D-T to establish the region
of optimal performance and robustness of the scenario itself
and potentially increase our confidence and capability to .pre-
dict the transition from D-D to D-T.

2.5. High-j scenario investigation in support of JTF60SA

With JT-60SA approaching its operational phase under
the Broader Approach agreement, a dedicated experimen-
tal campaign was carried out on JET-ILW to provide a
reference dataset for future high-g scenarios on JT-60SA.
The experimental design is grounded in the dimensionless
similarity principle [52]: two non-burning tokamak plas-
mas are confinement-equivalent when they share the same
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Figure 5. JET baseline scenario development during DTE3 at 3.0 MA /2.9 T. Pulse 104661 exhibits weakened ELM activity similar to that
observed in DTE2. Increasing the gas fuelling in pulse 104662 leads to an extension of the pulse duration, but an » = 2 MHD mode is
triggered likely due to a By limit (indicated by the dashed line in the second panel of plot (b)). A reduction of the additional heating power
in pulse 104663 mitigates the MHD activity, allowing the pulse duration to be further extended up to the pre-programmed termination. In
the top panels of (a) and (b) NBI and ICRH powers are respectively indicate in solid and dashed lines.

values of the normalised Larmor radius p* = p;/a, normal-
ized collisionality v* o n.gRT: ?¢*/?, normalised pressure
B = (p)/(B?/2u0), and safety factor profile ¢, together with
the same magnetic geometry. In these definitions p; is the
ion Larmor radius, a the plasma minor radius, € = a/R the
inverse aspect ratio, (p) the volume-averaged plasma pres-
sure, and B the on-axis magnetic field [52]. For plasmas
with equal major radius and ion mass, enforcing this equal-
ity yields engineering parameter scaling as a function of the
aspect-ratio scalings B o< A'>/8 and I, x A~1/8 [52]. Applied
toJET (A = 3.2) and JT-60SA (A = 2.7), which share R ~ 3 m,
these give Bjgr/Bsa ~ 1.37 and I, jer/Ip sa ~ 1.02, so that
JET discharges at (Br,I,) = (2.4 T,1.4 MA) are dimension-
lessly similar to JT-60SA discharges at (1.7 T, 1.4 MA). The
weak aspect-ratio dependence of N max = A~1/2 [53] further
implies that the MHD equilibrium properties at high 3 will be
closely matched between the two devices.

Guided by these constraints deuterium plasmas, hereafter
referred to as the JET/JT-60SA experiments [54], were pro-
duced in a variant of the hybrid-advanced scenario with the
following parameters: Br = 1.7,2.0, and 2.4 T; I, = 1.4 MA;
elongation xk = 1.6-1.7; triangularity § ~ 0.4-0.45; gg95 = 4—
6; central safety factor go > 1.1 at NBI onset; Png; = 13—
25 MW; no ICRH. Discharges at By = 2.4 T were executed
during DTE3. The high-triangularity configuration was cho-
sen for its beneficial effects on pedestal confinement and MHD
stability. The dataset extends the 2014 hybrid power scan at
high § as reported in [55] by broadening the NBI power range
from 15 to 25 MW at Br = 1.7 T, and by operating at ggs > 5
relative to the 2014 advanced-scenario pulses [56] at Bt =
2.4 T. Systematically, NBI power scans (Png; = 13-25 MW)

were performed at three values of gos (4, 5, and 6) at fixed
shape (6 = 0.45, k = 1.7) and at low-to-moderate gas injection
rates (< 1 x 10%? es). Two complementary scans were con-
ducted: (i) a NBI power scan modulating Sy; and (ii) a NBI
onset-time scan controlling gy at the start of the main heat-
ing phase, which is a key parameter for MHD stability of the
high-/ phase.

The degree of dimensionless similarity achieved is illus-
trated in figure 6, which compares the dimensionless parame-
ters of the JET/JT-60SA discharges with the JT-60SA design
values for the scenarios identified as IV-2 and V-2 on the JT-
60SA Research Plan [57] and with JET high-triangularity dis-
charges at the same toroidal field from [58] (cfr figure 3 on the
mentioned publication). The JET/JT-60SA experimental dis-
charges are seen to occupy the same region of dimensionless
parameter space as the JT-60SA reference scenarios, validat-
ing the applicability of the similarity approach. In these dis-
charges on JET, poloidal Larmor radius pp = 0.036 and boot-
strap current fraction fgs = 0.6 were obtained, matching the
corresponding JT-60SA target values, consistent with global
confinement being primarily governed by p* [52].

The dependence of the maximum normalized beta on NBI
input power, shown in figure 7, provides further characteriza-
tion of the confinement regime exhibiting a quasi-linear depen-
dence of Oy on Pyp;. The main experimental results are as
follows. Reliable control of the g at the onset of the main
heating phase was demonstrated, with the optimal NBI start
time 7o npr exhibiting the expected dependence on toroidal
magnetic field B, consistent with the behaviour observed in
earlier JET hybrid and advanced scenarios. Good confine-
ment properties were achieved with Sy increasing with input
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Plan [57] , JET/JT-60S A experimental discharges (circles), and JET hybrid-scenario discharges from [58] (triangles).

power and reaching Oy ~ 3.7-4.0 at Br/I, = 1.7 T/1.4 MA
and fn ~2.9-3.2 at Br/I, =2.4 T/1.4 MA, with relatively
mild and stable MHD activity in the hybrid-advanced configu-
ration. Taken together, these results demonstrate the feasibility
of realizing discharges on JET-ILW that are dimensionlessly
similar to the JT-60SA reference scenarios, providing a vali-
dated experimental basis for predicting confinement and MHD
stability properties of future JT-60SA operation.

2.6. Long pulse operation and new fusion energy record

During the final JET-ILW campaign, long-duration deuterium
discharges were performed to assess plasma sustainment over
multiple resistive times and study plasma-wall interactions
in a full-metal environment [59]. These experiments required
major technical adjustments across subsystems, including
plasma shape control, machine protection, and diagnostics
[60]. They achieved the highest injected energy in JET with
the ILW (Ej, = 450 MJ), pushing the limits of the inertially
cooled divertor and auxiliary heating systems. The results
are now contributing to the multi-machine CICLOP (coor-
dination on international challenges on long duration oper-
ation) database [61] and supported ITER-relevant develop-
ments. Figure 8 shows time traces of a 60 s H-mode discharge
(JPN # 105750, By = 1.9 T, I, = 1.4 MA) with 4 to +6 MW
NBI and 2 MW ICRH for the first 36 s. The strike point was
shifted from vertical divertor plate (Tile 7, see inset of figure 3
for tile numbering layout) to the horizontal one (Tile 6) to com-
ply with the divertor energy handling capabilities of JET-ILW;
tile 6 phase delivered Ej, = 323 MJ, slightly above the tile
limit (315 MJ), thus requiring special authorization. The stored
energy remained in the range of ~ 1.6 — 1.8 MJ with electron

and ion temperature Ty = Tip =~ 3.0 — 3.5 keV during com-
bined heating. After ICRH stopped (due to its limited pulse
length to 40 s), 7. dropped but stored energy remained constant
due to higher density and lower radiation. Energy confinement
was constant during the entire discharge at approximately 75 ~
0.25—0.3 ). Bulk radiation was low during the horizontal
tile phase (Tile 6), with no impurity accumulation observed
despite a transient event at # = 34 s. Type-I ELMs (50-70 HZ)
persisted throughout. Earlier vertical tile (Tile 7) operation
showed higher radiation and marginal impurity control due
to intermittent ELMs near the L-H power threshold. The dis-
charge consumed ~80% of the available ohmic flux and could
have been extended by about 25 s with sustained auxiliary
heating [60], with the duration determined only by engineer-
ing constraints and no physical limits. JET-ILW long pulses
extended the CICLOP database, which benchmarks long-pulse
performance for future reactors. Figure 9 plots the triple prod-
uct n; - 7 - T; versus high-performance duration for multiple
devices. JET-ILW points (red diamonds) stand out, maintain-
ing n; - 75 - T; = 0.05 —0.06 atm. s with minimal degradation
up to 60 s—about five times higher than comparable-duration
entries in the 2024 CICLOP dataset. Note on this figure that
ni-71g - T; = 0.7 corresponds approximately to Q = 1. Since
these results (Dec 2023), other devices have extended their
records; updates has been recently presented [62].

Despite DTE3 not being focused on the achievement of
high fusion performance, nevertheless time was dedicated
to further refine and improve the T-rich beam target scenar-
ios which provided the highest fusion energy output during
DTE2 [63]. The scenario is conceived to maximize the Dy,
T reaction in a T rich plasma, where the population of fast
Deuterons is coming primarily from the NBI system. While
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Reproduced from [59]. © The Author(s). Published by IOP Publishing Ltd CC BY 4.0.

such a scenario is not directly relevant to a DEMO-like reac-
tor size, it gains a lot of interest in view of potential appli-
cability in a future volumetric neutron source (VNS) [64]
where large neutron fluence would be required to inveestigate
Tritium Breeding test modules. In the case of DTE2 experi-
ment, the scenario took advantage of the large Dg,g-T cross-
section around the 125 keV of full energy spectrum of JET
NBI beam system but proved to be prone to high-Z (W) core

accumulation with performances degrading gradually after 2
s approximately. Therefore it was decided to dedicate further
experimental effort to mitigate the accumulation and further
extend the duration of high neutron flux production. Analysis
of the DTE2 scenario showed that the main causes of the W
accumulation are the strong rotation and the density peak-
ing usually observed in strongly NBI heated plamas. To mit-
igate these effects, given the relatively small amount of time
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available to optimize the scenario, effort concentrated on max-
imizing the ICRH coupled power, because of the known ICRH
beneficial effects in reducing W accumulation via increased
turbulent transport as well as in reducing the density peaking
[65, 66]. In addition, simulations revealed that fundamental
ion cyclotron resonance heating were able to significantly
increase the fusion reactivity by accelerating both the bulk
and fast Deuterons’ population to energies maximizing the
D-T reactions rates [67]. Motivated by these simulations the
T-rich plasma scenario was therefore improved, with higher
ICRH coupled power (up to 5.5 MW) and reaching the new
fusion energy record of 69 MJ with increase duration of the
stationary phase and a fusion power of Py, of 12.5 MW aver-
aged over a 5 s period. The time traces of the attained fusion
power record are shown in figure 10 together with old data
from DTEl and DTE2. For completeness in this figure we
also indicated the fusion power produced in the main scenar-
ios investigated during DTE3 and described in sections 2.1—
2.4. Note that all these scenarios were never optimized nor
conceived (given the machine size and heating capabilities) to
maximize fusion performance, but more to explore the param-
eter space with the JET capabilities thus making a significant

step towards D-T candidate scenario for next step. It is worth
noting that, as it was the case for DTE2 [63], also the produced
fusion power for the T-rich DTE3 scenario follows closely
the NBI power waveform (confirming the strong beam-target
contribution to the neutrons) which account for the observed
oscillations [63].

A summary of the engineering parameters explored in the
mentioned scenarios is provided in table 1.

3. Addressing open physics issues in view of ITER
and next step devices

3.1. Screening of high-Z materials in JET-ILW plasmas

Operation with tungsten (W) PFCs entails a stringent require-
ment to control high-Z impurity transport, due to the potential
threat of impurity core accumulation which can lead to radia-
tive collapse and potential disruption. Therefore, demonstrat-
ing and quantifying edge temperature-gradient screening—an
outward neoclassical (NC) convection driven when (R/Lr,)
sufficiently exceeds R/L,, (see [68] for a nice overview of
the effect of W in tokamak operation)—is central for viable
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Table 1. Plasma parameters across different operational scenarios described in sections 2.1-2.5 and explored in JET during the last
campaigns in 2022-2023. All the reported scenarios were explored both in D-D and in D-T. Some explored a wider parameter range, as
indicated in the table, whereas others, due to time constraints concentrated on narrower or single operational point. The definition of the
different divertor configurations refer to the position of the inner and outer strike points, with VV indicating both the strike points hitting the
inner and outer vertical targets, CC with both the strike points in the corner configuration and V5C with the inner strike point on the inner
vertical target whereas the outer strike point on the horizontal one. For only the JET-ITER baseline scenario, the radiation fraction reported

in the table and indicated by * has been corrected to achieve power balance following the methodology available in [20], thus the value
reported in the table is different from the one estimated with bolometry. A similar exercise has not yet been performed for the other
scenarios which therefore does not account for potential systematic difference in radiation estimate from bolometry and/or NBI power

deposition efficiency.

JET-ITER Baseline QCE XPR JET Baseline JET/JT-60SA
B [T] 2.6/3.45 2.3/33 2.65 2.4-3.6 (3.3in D-T) 1.712.4
I, [MA] 2.5/3.2 1.5/2.25 2.5 2.5-4 (3.5in D-T) 1.4
q95 2.3/3.5 3.5/6.4 33 2.8-33 4.0/6.0
(6) 0.35 0.45 0.22 0.1-0.2 0.42
Divertor Configuration \'AY% V5C \'AY% CC
Pheat 24-37 11/31 26/31 10-36 (27-32 in D-T) 15/25
Sfow 0.37/0.92 0.7/0.96 0.7-0.88 0.5-0.7 0.4/0.6
BN 12.5 12.4 1.3/1.5 1.2-24 2/4
Srad 0.33/0.9* 0.75 0.2-0.45 0.2/0.3

operations in any metallic devices. This screening is predicted
to occur in the pedestal region of ITER plasmas [69] and has
been reported in JET hybrid scenario plasmas characterized by
high input power, low collisionality, and strong rotation both
in deuterium [70] and in mixed isotope D-T operation during
DTE2 campaign [71].

During the D-D deuterium campaign in 2022-2023 and
subsequent DTE3 campaign, further optimization scenario
was pursued to improve W screening studies. In D-D, opti-
mized gas fuelling waveforms with an initial no-gas phase dur-
ing the high-power ramp were used to build a strong temper-
ature pedestal, followed by a timed gas puff to trigger the first

ELMSs and avoid an excessively large initial ELM that would
bring W into the plasma and degrade pedestal performance
[72]. In order to achieve an even lower pedestal density than
previously attained, the initial scenario at 2.3 MA/3.45 T
was further refined with a reduction of plasma current to
2.1 MA while keeping the same toroidal field allowing a
larger reduction of pedestal density nepeq and increase of
ion pedestal temperature Tj peq (While keeping total heating
power ~35 MW, with Pxg; ~ 30MW and Pgrg ~ SMW). The
explored experimental scenario was able to reduce even fur-
ther the top pedestal collisionality and increase further the
toroidal rotation therefore improving the favourable condition
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for high-Z impurity screening [72, 73]. A similar scenario
was also explored in D-T operation, to explore the isotope
dependence of NC screening as well as to improve diagnos-
tic coverage from bolometery, avoiding the usage of main
chamber gas injection which hampered bolometric measure-
ment in DTE2. To expand the scenario in D-T plasmas while
preserving the delicate H-mode entry timing (affected by the
isotope dependence of the L-H threshold [74]), the toroidal
field was increased to 3.85 T at the same current levels of
2.1 MA. A T-rich gas ramp compensated all-D NBI fuelling,
and dry runs were used to synchronize arrival times from the
different gas injectors. Time traces from the two pulses in
D-D and D-T are shown in figure 11. The optimized D-T
pulse JPN 104681 (2.1 MA/3.85 T) achieved transiently an
ion temperature in the excess of 4 keV inside the pedestal top
(pr = 0.85, during current overshoot phase of the scenario),
with sustained T} peq =3 keV during the steady ELMy phase,
Q4 ped =30 krad s71, JfeLm ~ 40-60 Hz, and radiated power
fraction ~20%—-30%; a matched D-D pulse (JPN 105 508) at

identical plasma engineering parameters provided direct iso-
tope comparison. Notably, in the D-D to D-T scenario trans-
fer, precise fuelling timing and avoidance of diagnostic con-
tamination were mandatory to preserve inter-ELM analysis
windows by keeping fgrm < 50 Hz.

Screening and flushing were quantified from fast bolometry
using tomographic reconstructions and line-of-sight selection
that emphasizes the mantle region while excluding core con-
tributions. As explained in [15, 70], the inter-ELM W screen-
ing metric is made of the relative change in mantle W con-
tent per ELM cycle, (Anw /fiw|igLm ), inferred from the flush-
ing signal fz = P3" /7, under the approximation that the total
emissivity is W-dominated and the cooling factor R, remains
approximately constant over the mantle. Considering the D
current scan (2.3 MA vs 2.1 MA, both at 3.45 T), the pri-
mary effect of plasma current reduction is to decrease 7 ped
by approximately ~ 30 % leading to a similarly increase of
T; peq- Analysis of bolometer data confirms an increase of the
negative Any /niw |ieLm by a factor of ~ x2 [15].
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For matched 2.1 MA/3.85 T pulses, the D-T case showed
modest inter-ELM screening with (Afiw /fiw|igLm = —0.3 +
0.3 %), whereas the D case demonstrated stronger screening
of —2.9 £0.4 % [15]. Consistent with screening, flux-surface-
averaged total emissivity profiles {(gy)(p) remained hollow
across the pedestal gradient region, while the mantle volume
contribution dominated total radiation due to its larger volume,
even when core accumulation was modest and controlled by
minority ICRH [15].

Interpretive NC modelling used the FACIT code [73], cou-
pled to fitted kinetic profiles (ne,Te,Ti,¢,i,q) and ADAS
atomic data to compute NC diffusion Dnc,z and convection
Vne,z, including rotation effects. The temperature-screening
coefficient Cts, which enter into the definition of the NC con-
vection Vnc,z < (ne = CrsR/Ly, — R/Ly, as defined in [73],
remained ~ 0.3-0.5 in the core at low collisionality, but
decreased (~ 0.2) in the pedestal gradient region at higher col-
lisionality, where rotation enhances inward frictional pinch;
thus the model predicted strongly inward convection across the
pedestal (Vnc,z ~ —25—40m s~1) and near-zero convection
at mid-radius, with only transient outward convection inside
the core early in some pulses. Consequently, calculated W
total emissivity profiles matched flux-surface-averaged tomo-
graphic reconstructions reasonably in the core balance but
did not reproduce measured hollowness near the pedestal nor
the observed inter-ELM screening across the pedestal gradi-
ent region; predicted core peaking was often stronger than
observed, particularly in D at 2.1 MA/3.85 T. Sensitivity anal-
yses indicated that modest increases in R/Ly, or decreases in
R/L,, can flip the sign of V¢ z near mid-radius, highlighting
susceptibility to profile uncertainties. Beyond FACIT’s trace-
impurity assumption, drift-kinetic NEO calculations were
performed with experimentally relevant Ni concentrations
(AZ.g ~ 1). These calculations showed that inter-species fric-
tion can drive outward W convection (Vnc,z ~ 1 — 15ms™1)
across the outer core. This result contrasts with FACIT pre-
dictions, which neglect poloidal weighting of mid-Z colli-
sions, which instead might play a significant role. The dis-
crepancy suggests that mid-Z impurities may be essential to
reconcile modelling with the observed inter-ELM screening.
More investigation is in progress to assess if, the NC model
implemented in the FACIT code version used, based on [75],
is fully appropriate for the description of pedestal parameters
explored in these plasma or if additional model refinement is
needed [15].

3.2. Exploring low v; peq regimes in JET-ILW plasmas

Predictive simulations indicate that ITER will operate with a
very high pedestal electron temperature (7 peq =~ 4 — 5 keV)
and low collisionality (1] g < 0.1), with the pedestal pos-
sibly being limited by low-n peeling modes [76]. However,
these predictions remain uncertain due to their sensitivity to
the edge current density near the separatrix: therefore, increas-
ing knowledge and predictive capabilities is essential given
the differences expected according to the underlying limiting
instabilities. Indeed in peeling-limited pedestals, the pedestal

pressure is supposed to increase with both pedestal and sep-
aratrix density, in contrast to ballooning-limited pedestals,
where increasing density typically degrades performance as
seen in DIII-D [77]. Therefore the validation of available
predictive tools in JET-ILW including isotope dependence is
of paramount importance for ITER extrapolations. To date,
peeling-limited pedestals have been routinely observed only in
carbon-wall devices, with little evidence in metallic environ-
ments. Historically, JET-ILW pedestals have been limited by
ballooning or coupled peeling-ballooning modes, even at the
lowest explored collisionalities, with no clear cases of purely
peeling-limited pedestals. To address this gap and assess the
roles of density and isotope mass, critical for ITER predic-
tions, a new operational strategy was implemented on JET.
Guided by Europed simulations [78], this approach explored
high-qo5 operation (up to gg9s ~ 8.5) by combining low plasma
current (1.4 MA) with high toroidal magnetic field (from
3.4 to 3.8 T). The plasma shape was optimized in view of
pumping capabilities and a low gas rate (0-1 x10?? e s™1)
aiming to reach low density plasma. The heating power com-
bined neutral beam injection, with power between 22-25 MW
and ICRF heating with Prr <3MW. A high triangularity
scenario, with &,y ~ 0.37, was selected. The high toroidal
field B at relatively low value of plasma current I, stabilizes
ballooning modes and enabled unprecedented JET-ILW con-
ditions: normalized pedestal collisionality v .4~ 0.15 and
normalized radius p; .4 =~ 0.002, much closer to ITER’s pro-
jected operational space (see figure 12) [79]. The figure illus-
trates the explored pedestal collisionality range as a function
of normalized toroidal radius and separatrix-to-pedestal den-
sity ratio, compared with earlier high-J cases, with indica-
tion of the different isotope composition explored. Stability
analysis confirmed that the new regime was indeed peeling-
limited, with low-n peeling modes limiting the corresponding
pedestal pressure [14]. A density scan in peeling-limited con-
ditions confirmed the predicted positive correlation between
pedestal pressure and pedestal density. In contrast, increas-
ing separatrix density had little effect on pedestal pressure,
marking a clear difference from ballooning-limited regimes
previously observed in JET-ILW [80]. JET’s unique capabil-
ity also enabled an isotope mass scan from pure deuterium
to tritium-rich plasmas. Consistent with earlier observations,
the pedestal pressure increased with isotope mass, primarily
due to higher pedestal density rather than changes in pedestal
temperature. However, while in the high v*/ballooning lim-
ited pedestal the improved pressure was due to a direct
effect of the isotope mass on resisitve MHD [81], in the low
v*/peeling limited pedestal the improved is due to the indi-
rect effect stabilization effect provided by the increased den-
sity on peeling modes [14]. The combined information pro-
vide confidence on the achievable performances on ITER with
no degradation at high n. «p and a positive effect of mixed
isotope operation in terms of achievable pedestal pressure.
Noticeably Europed predictions captured the observed trends
in pedestal pressure versus to both density and isotope mass,
reinforcing confidence in its applicability for ITER pedestal
predictions [79].
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Figure 12. Ranges of pedestal collisionality as a function of normalized ion Larmor radius at the pedestal p
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separatrix density normalized to pedestal density (b). In color the explored parameter space with respect to earlier high-delta cases, depicted
in gray. Colors in the new dataset indicate different isotope compositions: Deuterium (blue points), D-T (gold) and T-rich (magenta).

3.3. Fastion dynamics and studies

JET and its unique D-T capabilities, coupled with high ICRH
heating, offered the ideal test bed for advancing the under-
standing of the physics as well as diagnostic and control capa-
bilities of fast ions, including alpha particles, in conditions not
explored so far in any other devices. Indeed, prior to the D-T
phases JET was equipped with a comprehensive set improved
energetic-particle diagnostic [82] which provided the possibil-
ity for comprehensive studying of the c-particle losses.
Further progress was made in the analysis of the DTE2
experiments in support of the development and application
of fast-ion diagnostics, including ~-ray spectrometers, fast-
ion loss detectors (FILD), and 2D neutron/gamma cameras. A
novel measurement at JET [83] established the gamma-ray-to-
neutron branching ratio for the deuterium—tritium reaction. A
linear correlation between v and neutron yields was observed
for deuteron energies 80 +20keV, providing the validation
of y-ray spectrometry as an additional technique to monitor
fusion power in ITER and future fusion power plants. The
detailed analysis of the DTE2 discharges, including inter-
pretative transport modelling, revealed evidence for electron
heating by alpha-particles in the transient afterglow phase of
high-power discharges with internal transport barrier in with
NBI-only heated discharges [82]. Additionally, a new method
to detect electron heating by a-particles was developed by
using the dynamic response of Te to the modulation of ICRH
power [84]. Investigation of « particle losses were performed,
including both classical as well instability driven losses, with
evidences of MHD driven losses due by fishbones, sawtooth
crashes and ELMs [82]. These two loss mechanisms result in
drastic, discrete, bursts of alpha particle losses with varying
degrees of reproducibility and strength. On the other hand, no
correlation with TAE modes were observed experimentally in
any of the FILD spectrograms. This is likely due to the low
alpha particle pressure produced in the JET plasmas.
Analysis of past fast-ion experiments in D—*He, D-T,
and H-D plasmas demonstrated the beneficial impact of
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MeV-range fast ions on stabilizing core turbulence and
improving plasma confinement. In D—He plasmas, fast
deuterons with energies Ep =~ 1-2MeV were generated using
ICRF and the three-ion D-(D NBI)-*He scenario, leading
to improved confinement in the presence of fast-ion-driven
instabilities [85, 86]. Follow-up studies in D-T = 50%-50%
explored scenarios with dominant core electron heating gener-
ated by ICRF. In these experiments, hydrogen minority heat-
ing at low concentration n(H)/n. ~ 1%-1.5% was used and
a range of fast-ion-driven instabilities, including TAEs, was
observed. A significant reduction in the thermal ion heat con-
ductivity in the plasma core was revealed through both power
balance analysis and gyrokinetic modelling. Local and global
GENE modelling identified multiple mechanisms contribut-
ing to turbulence reduction at different radial locations [87,
88]. The analysis of experimental data indicated stronger tur-
bulence reduction by fast ions in D-T plasmas, as compared
to equivalent D-D plasmas, which may be explained by non-
linear FAR3d simulations showing enhanced shear flows in
the D-T cases [89]. Turbulence reduction in the presence of
MeV-range fast ions and fast-ion-driven instabilities was also
observed in H-D plasmas using the three-ion D-*He-H ICRF
scheme, where TRANSP-TORIC modelling showed over 90%
of ICRF power transferred from resonant *He ions to electrons
[90]. JET results complement observations on other tokamaks,
including AUG, DIII-D, EAST, HL-2A, and KSTAR, and pro-
vide valuable data points for multi-machine studies and analy-
ses, supporting the investigation of these mechanisms in future
fusion devices such as ITER [91, 92].

New dedicated experiments with three-ion D-*He-H
scheme scenario at JET investigated the impact of ICRF
antenna phasing on fast-ion behaviour and plasma dynamics
[93]. The variation of antenna phasing significantly affected
sawtooth periods and the spectrum of fast-ion-driven instabil-
ities, including TAEs and reversed-shear AEs, demonstrating
its potential as an actuator for plasma stability control. These
results provide a valuable testbed for validating energetic par-
ticle modelling tools for ITER.
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New DTE3 experiments highlighted the flexibility of ICRF
for bulk ion and electron heating in D-T = 50%-50% plas-
mas. At By = 3.7 T, comparison between H-minority heating
and the three-ion T-(°Be)-D scheme showed that H-minority
heating produced the highest electron temperatures varia-
tion (ATe ~ 1.2keVMW 1), while the case with dominant
absorption of RF power by °Be impurities resulted in the high-
est increase of ion temperatures (A7; ~ 0.9 keVMW_l) [93].
Novel approaches using argon impurities were successfully
tested, offering alternatives for ion heating in the absence of
beryllium in the new ITER baseline [93].

During the last Deuterium campaign further progress was
made in a-particle studies in plasmas without the use of tri-
tium. In D-*He plasmas, using either third-harmonic acceler-
ation of D-NBI ions (w = 3w.;i(D)) (B; = 2.3 T,f = 51 MHz),
with nCHe)/ne =~ 10%—15%, or the three-ion D-(D NBI)-
3He (B, = 3.65 T, f = 33 MHz), with n(*He)/n. ~ 25% —
30%)scheme, a-particles with birth energies of ~ 3.6MeV
were generated, see figure 13. These investigations will pro-
vide information for future JT-60SA scenarios where a sig-
nificant population of a-particles is expected to be generated
from D—*He reactions at N-NBI injection energy of 500 keV
[94]. Tt also supports the development of new alpha-particle
techniques for ITER [82]. In addition, fast-ion tomography
methods were advanced for the analysis of past experiments
in D-3He plasmas at JET [95].

4. Safe and reliable operation for next step devices

4.1 Disruption mitigation strategies and electron runaways

Developing strategies for effective disruption mitigation in
ITER scenarios via full exploitation of the installed SPI has
been one of the main scientific goals of the Deuterium 2023
campaigns on JET. This effort is critical to mitigate the
severe thermal loads on PFCs and the significant EM loads
induced during vertical displacement events (VDEs) [96].
Furthermore, a robust mitigation strategy is essential to pre-
vent or safely terminate RE beams, which otherwise pose a
risk of localized melting and vessel damage.

Since the JET SPI is not tritium compatible, no exper-
iments could be planned once tritium was injected in the
device thus limiting the exploitation to the experimental cam-
paigns before DTE3. The experimental strategy and plasma
discharges have been organized in key physics and techni-
cal questions essential for qualifying the SPI strategies for
ITER as the material assimilation physics and thermal quench
(TQ) dynamics, where the mitigation of thermal loads using
SPI has been extensively characterized and validated [97].
Other topics include multiple pellet injection SPI scenarios,
the influence of g-profile, intrinsic impurities and plasma insta-
bilities on the mitigation process, the evolution of radiation
asymmetries, and the effect of fragment size and velocity
distributions [98].

For executing these experiments, the three-barrel SPI at
JET installed in 2021 [99] was significantly upgraded to
inject two identical size pellets (10 mm) and one smaller
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size pellet (4 mm) while controlling the velocities within the
range of 200-650 ms~!. The JET High Resolution Thomson
Scattering diagnostic has been upgraded for measuring tem-
peratures in the low eV range [100] when the injected pellet
fragments are cooling the plasma thus allowing the measure-
ments of the effects on plasma density, temperature and radia-
tion. In addition, the fragment penetration has been monitored
by fast cameras.

The last JET SPI campaign delivered novel experimental
results focusing on the impact of seeded impurities (as N; or
Ne exploited in the seeded scenarios described in section 2.1)
on the mitigation efficiency with SPI [101]. This research
addresses a critical scenario for future reactors like ITER,
which will employ impurity seeding for enhanced power han-
dling. The primary finding is that for pure D SPI, increased
impurity seeding led to an order of magnitude reduction in the
pre-thermal quench (pre-TQ) duration (from ~70 ms down
to < 10 ms). This drastically reduces the crucial time win-
dow required for the initial D injection in the envisaged, so
called, staggered SPI schemes (when two pellets are launched
from single injector) designed to suppress RE generation.
Importantly the experiments demonstrated the robustness of
single mixed neon/D SPI, as no reduction in the overall ther-
mal load mitigation efficacy (inferred via radiated energy frac-
tion as seen in figure 14 ) was observed across the range of
seeding levels tested.

The first interpretative and quantitative 3D non-linear MHD
modelling of pure D SPI into a JET H-mode plasma using
the JOREK code has been carried out [102, 103]. The plasma
target for these simulations was a 3 MA /7 MJ discharge. This
work identified and quantified two crucial physics effects for
accurate prediction of disruption mitigation efficacy: the drift
of ablation plasmoids and the role of background impurities (ie
W). The simulations showed that the outward drift of ablated
material towards the LFS (a movement related to the trajec-
tories illustrated in figure 15) results in approximately 70%
reduction in core density rise. This significant reduction sug-
gests that relying solely on D SPI from the LFS may be limited
in achieving the high core density necessary for effective RE
avoidance in large-scale devices. Furthermore, the study con-
firmed that even low levels of pre-existing impurities in the
background plasma were sufficient to dominate the radiative
cooling and MHD activity that triggers the TQ.

To investigate the potential threat of a non-uniform radia-
tion pattern as a consequence of radiating impurities injected
by SPI, dedicated experiments were performed on JET to
quantify this potential radiation asymmetry [104]. Such asym-
metries could result in intense localized photon flashes dur-
ing the thermal quench. The toroidal peaking factor (TPF),
defined in [104], was used as a figure of merit for represent-
ing the toroidal uniformity of the radiation. The TPF proved
to decrease with increasing plasma stored energy, with a max-
imum at the injection SPI point. The observed decrease with
increased plasma energy suggests a favourable scaling towards
ITER. Furthermore, in ITER multiple toroidal injections are
planned, thus further improving the toroidal spread of the radi-
ation during the thermal quench.
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Figure 13. Overview of fast-ion experiments in D-3He plasmas, in which a significant population of a-particles was generated using a
combination of D-NBI and ICRF. Red traces correspond to pulse JPN 102203 (3.65 T/2.5MA), employing the three-ion D-(Dxpr)->He
scheme with n(*He) /ne ~ 25%-30%. Blue traces correspond to pulse JPN 102 186 (2.3 T/1.8MA), using the 3rd harmonic deuterium,
w = 3wei(D) scheme with n(*He)/ne &~ 10-15%. The right-hand panel illustrates the rich variety of fast-ion-driven instabilities observed in

these experiments.

The low-Z benign termination scenario [105] has been rec-
ognized as a promising safe route for minimizing the conse-
quences of RE. It works by injecting large amounts of D, or
H,; into the RE beam and leads to an almost complete suppres-
sion of heat loads at impact. The low-Z injection can be made
by SPI, massive gas injection (MGI) or standard gas fuelling
valves, although the latter is likely not to be a viable solution
for devices the size of ITER and beyond. Low-Z injections
make the companion plasma recombine down to free electron
density values below 10 x 10'"¥m~3. This recombined state
has been shown to be strongly linked to the success of this
scheme [106].

During the JET D-D phase in 2023, the boundary of
the operational space for the low-Z RE benign termina-
tion scenario has been investigated. It was shown that suffi-
cient amount of deuterium is needed to achieve recombina-
tion and reach benign termination. These results sit within
a multi-machine global database, including data from AUG,
COMPASS, DIII-D, and TCYV, which identifies a critical neu-
tral pressure window required for successful recombination
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and establishes the scaling of these limits with RE current den-
sity and high-Z impurity levels [107]. This effect will need to
be further studied with modelling as it is critical for the safe
mitigation of RE beams in ITER.

On the last day of JET experiments, a high current
(~1.7MA) unmitigated RE beam was produced, by injection
argon into a 3MA plasma and terminated intentionally onto the
JET beryllium inner wall (see figure 16). This experiment, was
designed to produce data for ITER such as impact angles, wet-
ted area, pitch angle, RE energy... for modelling beam prop-
agation into plasma facing components [108] and extend the
previous work as described in [109].

4.2. Real-time control implementation compatible with D-T
operation

During the last D-D and D-T operation in 2022 and 2023, sev-
eral advanced RT controllers were implemented and deployed
with the specific target of being compliant with D-T operation.
These developments targeted isotope ratio control, H-mode
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management including entry and exit, divertor detachment,
and detection of underperforming discharges, with direct
applicability to next step devices.

Closed-loop control of the D:T ratio was demonstrated
under H-mode conditions using gas valves for tritium and gas
or pellet injection for deuterium [110]. The RT controller,
using spectroscopic measurements of T/(T+D) ratio in the
divertor as observer, proved to be efficient to adjust plasma
composition from D-rich to T-rich [110]. The tritium was
injected via gas valves, while deuterium injected either via
gas valves or pellets. In this JET (I, = 1.41.4 MA, By =
1.7 T) scenario, NBI core fuelling accounts for less than 10%
of the total fuelling. Fusion power, measured via neutron rate,
responded promptly, confirming efficient core-edge mixing
as described in [111]. This demonstrates that, although the
plasma is fueled mainly at the edge, rapid mixing of the iso-
topes occurs throughout the plasma up to the core and that
controlling the D:T ratio is an effective way of controlling
the burn rate. In addition, a multi-input multi-output controller
combined isotope ratio regulation with ELM frequency con-
trol, maintaining stability during fuelling variations as shown
in figure 17. This constitutes the first demonstration of simul-
taneous decoupled control of burn rate and edge stability in a
D-T plasma.

As described in section 2.3 an extensive work devoted to
the implementation of the RT control of the XPR position was
done. A PI controller was designed from dedicated system-
identification experiments, using the horizontal bolometry line
of sight through the X-point as sensor, and Ar gas injectors as
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actuator, thus maintaining compatibility with D-T operation
[36]. In these preliminary experiments, a very clear response
of the XPR height was observed with the injection of argon
but not with neon, thus providing a viable path towards a sta-
ble solution. Notably the implementation of the controller on
JET, strongly benefitted from previous analogous studies in
medium size tokamaks [39]. Experiments at I, = 2.5 MA, Br
= 2.7 T, and Pjypye = 20-30 MW achieved stable XPR posi-
tioning holding the maximum radiation at the desired height
position despite significant actuator delays due to the gas
injection response and impurity-pumping limits. Perturbative
studies confirmed isotope-independent dynamics, enabling
direct transfer of controllers from D-D to D-T operation. This
indicates that the design and testing of an XPR controller for
a future power plant may be done during DD commissioning
and directly ported to D-T operation without further tests thus
reducing the required commissioning time in D-T.

With an effort already started during the DTE2 operation,
all DTE3 operation at JET benefitted from a dedicated RT dud
detector, empirically designed to control the consumption of
trittum and limit the neutron budgets by keeping the target
plasma performance [112]. In addition during DTE3 operation
a Py based controlled was implemented regulating the ratio
of the power crossing the separatrix to the L-H threshold from
Martin’s scaling law [113]. The detector was ensuring simul-
taneously that the power was sufficient to access and maintain
the H-mode as well as to identify the approach to conditions
prone to excessive radiation fraction close to unity. The detec-
tor proved useful to control NBI power and gas flow rate during
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Figure 15. Tracked inboard edge of the SPI plume based on the maximum gradient of the D, emission intensity detected by the KL8 fast
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arrive at the plasma. Outlines of the expected SPI plume from the injection geometry are shown by the red dashed lines. Reproduced from
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H-mode termination and ramp-down, thus avoiding radiative
collapse.

4.3. Cleaning procedure and fuel retention in JET

In next-step fusion devices, in-vessel tritium inventory must
be strictly limited for safety, as well as minimized for fuel
cycle efficiency. Fuel retention in PFCs can be assessed using
complementary techniques:

(i) Gas balance between injected and pumped gas, providing
global retention estimates per pulse or per day [114].
(i) Post-mortem analysis of retrieved samples, yielding
campaign-integrated ex situ local measurements and giv-
ing insight on retention mechanisms at play (see [115, 116]
for instance).
(iii) Laser-based diagnostics, enabling local in sifu measure-
ments, either during campaigns or vent-phase [117].

Gas balance in JET demonstrated a 10x reduction in
fuel retention when transitioning from carbon to Be-W walls
[118]. In deuterium operation phase of JET-ILW, gas balance
indicated short-term retention of 2% of injected fuel [118],
while post-mortem analysis showed that ~0.2% is retained
long-term, mainly via codeposition of D with Be [115]. The
difference between results from gas balance and post mortem

24

analysis is attributed to long term outgassing of fuel from
the wall materials [115, 118] (in-vessel outgassing as well
as outgassing during sample storage). Results of post-mortem
analysis demonstrate that a significant amount of long-term
retained fuel is accumulated in co-deposited Be layers, espe-
cially on the upper tiles of the inner divertor ([115] and ref-
erences therein). In addition to fuel retention studies in deu-
terium, JET enabled unique investigations of fuel retention
in DT plasmas [4], including assessment of tritium removal
efficiency by different techniques in the subsequent clean-up
campaigns [119-122]. This is key for getting insight on fuel
retention and removal for future fusion devices using a DT
mix.

In campaigns involving tritium performed during the JET
ILW, the amount of T injected for fuelling the plasma (364 g
of T injected in total for DTE2 and DTE3, including the pure T
phase before/after DTE2 [123]) was significantly larger than
during the JET C phase (35 g of T for DTE1 [4]). This, how-
ever, should be put in perspective with D fuelling, which is
by far dominant when integrating over the JET-ILW exploita-
tion period. For instance, over the last period of exploitation
of the JET ILW without in vessel intervention, including both
DTE2 and DTE3 (2019-2023), the D injection was ~15 times
higher than T injection, as shown in table 2. Dedicated hydro-
gen campaign have also been done before DTE2 as well as
mixed D/H and H/T experiments in view of understanding
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Figure 16. Intentional runaway impact on inboard Be limiter done in the last JET life pulse.

the isotopic effect on plasma transport, confinement and SOL
physics. Protium was also injected regularly to ensure an opti-
mal H/D isotopic ratio when ICRH minority heating schemes
was used, and it is therefore also included in table 2. In addi-
tion, H is also present in the vessel walls from the ‘natural’
H loading when components are exposed to air during vessel
vent. The JET vessel walls are therefore expected to be loaded
with the 3 hydrogen isotopes.

All three fuel retention measurements techniques quoted
above were applied during the DTE2 and DTE3 campaigns.
Gas balance over full-day operations proved challenging due
to low retention levels and the additional complexity linked
to tritium handling within the Active Gas Handling System
(AGHS) of JET (requiring use of tritium compatible gas pump-
ing routes and associated procedures), which prevented an
accurate gas balance procedure used during deuterium cam-
paigns from being repeated. In addition, plasma operation
involving He or CD4 prior to gas balance experiments, as well
as the presence of residual H in the wall led to significant
uncertainties in the assessment of the T retained in the ves-
sel (see [119, 123] for details). Nevertheless, results indicate
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comparable fuel retention in D and DT plasmas [119, 123].
Faster decay of the post-pulse outgassing for T as compared
to D suggests that the isotopes concentration depth profiles in
the vessel walls may play a role [119]. Indeed, given the his-
tory of JET wall loading, T is expected to be located in the
near surface of the plasma facing components, while the dom-
inant D reservoir is expected to extend further towards the bulk
material.

The global T accountancy by the AGHS is still ongoing
for DTE2 and DTE3. Sample retrieval was completed in sum-
mer 2025 and post-mortem analysis is still ongoing. The
efficiency of various T removal techniques was investigated
thoroughly after DTE2 [120, 121], with a sequence of ves-
sel baking at increased vessel wall temperature (320 °C as
compared to normal operational temperature of 200 °C), glow
discharge cleaning (GDC), ion cyclotron wall conditioning
(ICWC), and plasma operation in D in various limited/diverted
magnetic configurations to heat and outgas the fuel trapped in
co-deposited Be layers and other components. In particular,
a dedicated configuration with the inner strike point located
on the tile of the inner divertor where the highest fuel content
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Figure 17. Combined ELM frequency and tritium fraction con-trol using pellets for deuterium and gas for tritium injection as
actuator.Tritium and deuterium flow requests from the isotope controller(ii) are multiplied by the factor produced by the ELM frequency
controller (iv) to generate the flow requests (v). Reproduced from [110]. CC BY 4.0.

was evidenced from post mortem analysis, the so called RISP
(Raised Inner Strike Point), was developed in D-D. Detailed
analysis of the DTE2 clean-up is published in [120]. After
DTES3, the objectives of tritium clean-up were to reduce tri-
tium concentration below 1% in the plasma (thus allowing
low neutron rate deuterium operation), and the reduction of
the tritium content in the exhaust gas below 0.02% (allowing
the return the AGHS system into standard operation without
tritium). Based on the feedback from the post-DTE2 clean-
ing, a sequence involving baking, ICWC and plasma operation
with D was carried out, allowing to reach within 6 weeks the
target T concentration in the exhaust gas (0.02%) [119, 123].
This is illustrated in figure 18, showing the time evolution of
the T concentration in the plasma during the 4 weeks of D
plasmas clean up, following the first 2 weeks with baking and
ICWC carried out after DTE3 [119]. Redundant measurements
methods were used to increase reliability on the measurements
of the T concentration. Spectroscopic measurements such as
optical Penning gauge spectroscopy in the plasma exhaust
gas, spectroscopic Balmer lines measured in the divertor as
well as neutron measurements to indirectly infer the tritium
concentration [120].
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Table 2. Injected hydrogen isotopes (hydrogen, deuterium, tritium)
in the experimental campaigns performed in JET-ILW during the
last operation period (2019-2023). Numbers given here include the
gas injected into the vessel via the gas injection system, as well as
via the Neutral Beam Injectors. They do not include fuelling by
pellets nor by the disruption mitigation system i.e. SPI or
MGI(numbers taken from [123]).

Isotope Gas injected (atoms)
H 10%

D 1.2 x 107

T 7.2 % 10%

Extensive in-situ surface analysis using two laser-based
diagnostic techniques conceived for assessing fuel retention in
ITER has been performed in DTE3, including the subsequent
cleaning campaign and following D operation. The Laser
Induced Desorption with gas detection using Quadrupole
Mass Spectrometers (LID-QMS) system was used to monitor
the weekly evolution of fuel retention in co-deposited layers
on specific inner divertor tiles [122, 124]. This demonstrated
the capability of LID-QMS to discriminate D and T and to
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Figure 18. Evolution of Tritium concentration during the 4 weeks of DT clean-up following the DTE3 campaign, as derived from the
fraction of DT neutrons to DD neutrons measured by neutron diagnostics (Reproduced from [119]. The Author(s). CC BY 4.0.). The
clean-up plasmas (shown in color) include corner-corner ‘CC’, vertical-tile 5 ‘V5’, raised inner strike point ‘RISP’ and vertical-vertical
‘VV’configurations, as described in [119]. ‘Experiments’ plasmas, shown as grey diamonds, were interleaved with clean up plasmas at the
end of the clean-up phase and are using a large variety of configurations. ‘AGHS-AN’ and ‘EDS’ correspond to measurements from two
analysis systems located in AGHS to assess T concentration in the exhaust gases.
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Figure 19. Change in fuel retention at the JET inner divertor following the Raised Inner Strike Point (RISP) plasma configuration. (a)
Location of the poloidal LID-QMS scans (green numbers from 1 to 5). Inner strike point location for the RISP configuration is shown at the
upper end of location 5 where the highest heat flux is expected (see [119] for details on RISP). () Infrared view during RISP operation,
showing the most heated areas on tile 1(reproduced from [56]) (¢) remaining fraction of D and T after RISP cleaning at the locations shown
in (a), calculated as the ratio between LID-QMS measurements before and after RISP. Post RISP measurements of D/T at location 4 are
below the detection limit of LID-QMS (LID-QMS data taken from [123]). (b) Reproduced from [119]. The Author(s). CC BY 4.0.

quantify the effect of cleaning procedures, such as operating D
plasmas in the RISP configuration [119, 122-124]. Figure 19
illustrates the latter point, showing the LID-QMS measure-
ments of the relative fraction of T and D retained at various
location of tile 0 and tile 1 of the JET inner divertor performed
before/after RISP operation [119, 123]. It is shown that while
T/D were not released at location 1 on tile O (see figure 3 inset
where Tile location and corresponding numbering are indi-
cated), located away from the RISP strike point position, but
roughly half of T/D was cleaned by RISP at location 2, 3 and
5 on tile 1. Finally, full fuel removal was observed at location
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4, with T/D content falling below the detection limit of LID-
QMS after RISP. This is roughly consistent with the highest
heat flux expected between location 4 and 5 in the RISP config-
uration. In addition, ex-situ post-mortem analysis of PFC sam-
ples after removal from the JET vessel, as was done following
the first JET-ILW deuterium operations in 2011-2016 [115,
125-127] will be compared to the LID-QMS measurements.
Laser induced breakdown spectroscopy (LIBS) was applied
for the first time in a DT environment following the end of
JET exploitation in fall 2024 [128-130]. It was deployed post-
vent in the vessel using the JET remote handling arm under
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atmospheric pressure with an argon flow in the measurement
head. Although T detection was challenging due to low resid-
ual T levels after cleaning campaigns and due to D-T spec-
tral lines overlap, preliminary results show that Be deposi-
tion patterns are consistent with previous observations and that
there is a correlation between D content and Be layer thick-
ness. The lessons learned during JET DT fuel retention exper-
iments, detailed in [119], will be used to inform the strat-
egy for T accountancy in ITER, and the design of the asso-
ciated diagnostics and operational procedures (see section 4
in [131]). The extensive use of LID-QMS and LIBS, com-
bined with the effort required for quantitative interpretation,
also provides critical operational experience for ITER and are
informing design of propose laser-based T diagnostic for T
accountancy [132]. More details on the status of fuel retention
studies in JET DTE3 can be found in [123].

5. Conclusion

The final JET campaigns, conducted within the EUROfusion
Tokamak Exploitation framework, have delivered a compre-
hensive set of results that significantly strengthen the scien-
tific and technological basis for ITER and DEMO. These cam-
paigns demonstrated ITER-relevant integrated scenarios with
impurity seeding, achieving partial divertor detachment and
high confinement in D-T plasmas, while validating advanced
exhaust solutions such as the XPR and QCE regimes in
both D-D and D-T. Extensive studies of pedestal stability,
including the first observation of peeling-limited pedestals in
a metallic environment at collisionalities approaching those
of ITER, provide critical benchmarks for predictive models.
Investigations of isotope effects, impurity screening in hybrid
scenarios, and turbulence suppression by fast ions have deep-
ened understanding of core—edge integration and transport
physics. Operational milestones included the achievement of
a new world record of 69 MJ of fusion energy in tritium-
rich hybrid plasmas, long-pulse H-mode operation sustained
for 60 s, and the deployment of advanced RT control sys-
tems for isotope ratio regulation and plasma exhaust man-
agement. In addition, during the D-D campaign the experi-
ments with the SPI have been instrumental in understanding
issues like the role of the fragment size, how to optimized
the assimilation of the injected materialand the robutsnesss of
the SPI scheme in various scenario conditions. SPI mitigation
of run-away beams have also been tested successfully up to
the maximum pre-disruption current (3MA). These achieve-
ments were complemented by advances in tritium retention
studies using gas balance, post-mortem analysis, and ITER-
relevant laser diagnostics (LID-QMS and LIBS), providing
essential input for tritium accountancy and fuel cycle strate-
gies. Collectively, these results validate several ITER oper-
ational concepts, inform DEMO design choices, and deliver
critical experience in nuclear operation, scenario optimization,
and integrated control. For ITER, the successful test of steady
state high performance plasma with a valid exhaust solution
are calling for an increased combined effort on core-edge inte-
grated modelling to understand these scenarios with the aim
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of increasing the reliability ITER predictions. This should
include strengthening the modelling of pedestal in the peeling
regime which the JET data have unveiled. The understanding
of the physics basis for the no-ELM regimes like the QCE or
the XPR regimes is also essential for producing viable DEMO
scenario: noteworthy both these scenarios are also considered
as a potential options for ITER Q = 10 operation. The exper-
iment on disruption and run-away mitigation have produced a
very large database which participate to the design and future
operation of the ITER DMS. However, there remains uncer-
tainties in extrapolating present results to ITER and modelling
using 3D-MHD codes such as JOREK are therefore important
on-going activities. JET’s legacy, still under active data anal-
ysis and modelling activities, now provides a robust experi-
mental foundation for the next generation of fusion devices,
bridging the gap between present-day tokamaks and burning
plasma reactors.
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