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Abstract

JET returned to deuterium-tritium operations in 2023 (DTE3 campaign), approximately two
years after DTE2. DTE3 was designed as an extension of JET’s 2022-2023 deuterium
campaigns, which focused on developing scenarios for ITER and DEMO, integrating in-depth
physics understanding and control schemes. These scenarios were evaluated with mixed D-T
fuel, using the only remaining tritium-capable tokamak until its closure in 2023. A
core-edge-SOL integrated H-mode scenario was developed and tested in D-T, showing good
confinement and partial divertor detachment with Ne-seeding. Stationary pulses with good
performance, no tungsten accumulation, and even without ELMs were achieved in D-T. Plasmas
with pedestals limited by peeling modes were studied with D, T-rich, and D-T fuel, revealing a
positive correlation between pedestal electron pressure and pedestal electron density. The
Quasi-Continuous Exhaust regime was successfully achieved with D-T fuel, with access criteria
similar to those in D plasmas. A scenario with full detachment, the X-point radiator regime, was

established in D-T, aided by the real-time control of the radiator’s position. The crucial
characterisation of tritium retention continued in DTE3, using gas balance measurements and
the new LID-QMS diagnostic. Nuclear technology studies were advanced during the DTE3
campaign, addressing issues such as the activation of water in cooling loops and single event
effects on electronics. Building on the previous D, T and DTE2 campaigns and the lessons
learned from them, DTE3 extended our understanding of D-T plasmas, particularly in scenarios

relevant to next-generation devices such as ITER and DEMO.

Keywords: Deuterium-tritium, D-T, JET, isotope, fusion energy, tritium

1. Introduction

Future fusion reactors will operate with a mixed fuel of deu-
terium and tritium. Nowadays almost all devices operate with
hydrogen and deuterium. JET has been a notable exception
due to its ability to operate with tritium. Experiments with a
deuterium and tritium fuel mix are crucial for the preparation
towards next step devices, such as ITER or a demonstration
fusion power plant. From the plasma physics point of view,
understanding how the change in the isotope mass affects the
plasma confinement and transport from the core to the edge of
the plasma and the plasma-wall interaction processes is cru-
cial. Furthermore, the fusion-born a-particles are expected to
transfer their energy to the plasma via collisions and provide
the self-heating required to achieve a ‘burning’ plasma. From
the technical point of view, experience in operations in a nuc-
lear environment is required. This involves understanding the
irradiation of materials, the impact on diagnostics, as well as
waste management. Finally, information on the tritium cycle
and fuel retention, key to define and inform regulatory and
safety aspects is necessary. As such, deuterium-tritium exper-
iments are indispensable for the preparation towards next step
devices.

Only two magnetic confinement fusion devices have ever
had the capability to handle tritium; JET was until its shutdown
at the end of 2023 [1], the only device capable of handling tri-
tium, after the shutdown of TFTR in 1997 [2—4]. Furthermore,
JET is capable of confining a-particles (for a plasma cur-
rent typically above 2.5MA) [5]. After the Preliminary
Tritium Experiments (PTE) in 1991 [6], JET executed its
first deuterium-tritium campaign with a substantial concen-
tration of tritium (DTE1) in 1997 [7, 8]. This was followed
by the Trace Tritium experiments (TTE) in 2003. Following

the change of the plasma facing components from carbon to
all metal plasma facing components (beryllium main chamber
and tungsten divertor) [9], JET returned to deuterium-tritium
operations in 2021 (DTE2 campaign [10]) and again in 2023
(DTE3 campaign).

For the last two years of its operation (2022-2023),
JET was incorporated in the EUROfusion Consortium Work
Package Tokamak Exploitation (WPTE), along with the other
major European tokamaks (namely, ASDEX Upgrade, MAST
Upgrade, TCV and WEST). In its conception, the WPTE
scientific program is realising the EUROfusion programme,
based on the European Research Roadmap to the Realisation
of Fusion Energy [11], and is aiming to address key questions
for ITER and DEMO?’, developing plasma regimes of oper-
ation and heat exhaust solutions, by integrating the phys-
ics understanding with control tools [12]. The experimental
program and its scientific priorities were defined across
the devices, strengthening the link and knowledge transfer
between the medium-size tokamaks and JET. Most import-
antly, it encourages even further the efforts to transfer scen-
arios developed in smaller devices to JET, to investigate the
machine size impact on the scenarios and to expand the para-
meter space in which these scenarios exist.

This article provides an overview of the third and last
deuterium-tritium campaign at JET in 2023 (DTE3). The
design and scientific objectives of these experiments are
described in section 2, and the experiments addressing each

20 Herein, DEMO refers to the European DEMO envisioned in the ‘European
Research Roadmap to the Realisation of Fusion Energy’, though many of the
key questions will be applicable to any future demonstration fusion power
plant.
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of these objectives are detailed in sections 3—10, with a sum-
mary and discussion in section 11. As the detailed analysis and
modelling of the experimental data is underway, the aim of this
article is to provide an overview of the experiments and share
the first observations. Future publications will discuss in more
detail the in-depth physics understanding and more import-
antly, the predictions that can be made for future devices.

2. The DTE3 campaign design and objectives

The tritium and deuterium-tritium (DTE2) campaigns in
2021-2022 were designed on a set of explicit goals [10]. A
major part of the deuterium campaigns preceding these were
dedicated to the preparation of the scenarios and pulses for D-
T operations [5, 13], with emphasis on the demonstration of
the integration of sustained high fusion power production with
the Be/W wall environment, as well as to provide sets of data
across isotopes (H, D, H-D, T, D-T). In contrast, the DTE3
campaign was designed as an extension of JET’s deuterium
campaigns in 2022-2023 [12], which focused on developing
scenarios for ITER and DEMO, integrating in-depth physics
understanding and control schemes. The objectives were to
demonstrate the feasibility of these scenarios when operating
with a deuterium-tritium fuel mix, to obtain information on
physics aspects dependent on the isotope mass within these
scenarios and in other ITER- and DEMO-relevant conditions,
to undertake studies only possible with operations with tritium
such as on tritium retention, and to address open issues and
questions arising from the analysis of experiments performed
in DTE2.

The DTE3 campaign relied heavily on the knowledge
gained and the work invested before and during the T and
DTE2 campaigns in 2021-2022. The short time since the
DTE2 campaign (less than two years, compared to 24 years
between DTE1 and DTE2) meant that the experience with D-
T fuel mix was still fresh for both the scientific and operations
teams. Lessons learned from DTE2 could be implemented to
DTE3 [14]. Differently to DTE2, the DTE3 experimental pro-
gram was organised in sessions, similarly to how it is organised
during D operations, allowing the simplification of the exper-
imental scheduling and a more efficient exploitation of the
experimental time available. Furthermore, both NBI injectors
were operated in D, due to the lower reliability and additional
constraints experienced in DTE2, where one of the two beam
boxes was operated in T [15, 16]. Moreover, it was demon-
strated in DTE2 that NBI fuelling in high power scenarios did
not have any effect on the D/T ratio in the plasma [17]. As pre-
viously, the organisation of the scientific program and experi-
ment preparation were optimised to make the most out of the
limited experimental time with D-T fuel and to ensure the best
scientific outcome while avoiding risks to the machine and to
the rest of the scientific program. After DTE3 and a period
of operations to reduce the tritium amount in the vessel, JET
resumed D operations to complete the scientific program and

to obtain deuterium pulses to serve as comparison references
for the D-T pulses run in DTE3.

As in the previous D-T campaigns, budgets were imposed
on the number of 14 MeV neutrons that could be pro-
duced and on the amount of tritium gas to be used. The
14 MeV neutron budget available for DTE3 was the amount
leftover after those produced in the previous campaigns,
up to the limit set in the JET safety case that allows a
total of 2-10%' 14 MeV neutrons over its lifetime [18, 19].
Following DTE2 which produced a total of 8.48 x 10%°
14 MeV neutrons, there was leftover budget allowing for
the DTE3 experiments. The D-T experiments in DTE3 pro-
duced in total 7.31 x 10?° neutrons. The DTE2 and DTE3
campaigns together produced 86.8% of the JET lifetime D-
T neutron budget. The tritium inventory available for exper-
iments in DTE3 was 41.6 g (69 g were available for DTE2
and 21 g for DTEI experiments). In DTE3, ~117 grams of
trittum were supplied to the Tritium Introduction Modules
(TIMs) [20-22] (only deuterium NBI was used). Only part
of this tritium is actually injected into the torus, as will
be discussed in section 8. For reference, ~100 g were used
in DTEl (~35 g via the then single Tritium Introduction
Module and ~65 g to the NBI) and ~1 kg in DTE2 (~240 g
via the Tritium Introduction Modules and ~763 g to the
NBI). A limit of 44 barl of tritium consumption per oper-
ational day was applied to the cryopump cryopanels, as in
DTE2 [14].

The scientific objectives of the DTE3 campaign can be
summarised as follows:

(1) Assessthe impact of changing the plasma fuel from D to
D-T on the Ne-seeded ITER baseline scenario, and char-
acterise the core-edge-SOL integration in D-T in prepar-
ation for ITER (section 3)

(i1) Evaluate the effect of isotope mass change from D to
D-T to T on peeling limited pedestals (section 4)

(iii) Explore conditions for peripheral impurity screening in
hybrid scenario plasmas in D-T (section 5)

(iv) Demonstrate the feasibility of the Quasi-Continuous
Exhaust regime, a candidate scenario for ITER and
DEMO, in D-T, compare its characteristics with D, and
assess the access to the QCE in D-T (section 6)

(v) Demonstrate the existence of the X-point radiator
regime, suitable for full detachment in DEMO, in D-
T and demonstrate the real-time control of full divertor
detachment in D-T (section 7)

(vi) Continue the studies on tritium retention and tritium
clean-up started in the T and DTE2 campaigns, includ-
ing the use of new diagnostic capabilities, to inform
ITER and future fusion devices (section 8)

(vii) Investigate nuclear technology issues in a tokamak
environment in preparation for ITER (section 9)

(viii) Address outstanding issues from the T and DTE2 cam-
paigns (section 10).



Plasma Phys. Control. Fusion 67 (2025) 045039

A Kappatou et al

3. Development of a core-edge-SOL integrated
scenario for ITER

The ITER baseline scenario is the reference scenario for ITER
to achieve Q = 10 at a plasma current of 15 MA [23-25]. It is
necessary that the scenario combines a high-performance core
and pedestal plasma to achieve the target for fusion power pro-
duction, and a partially detached divertor via impurity seeding
to keep the heat loads on the divertor at a manageable level
(<10 MW/m?) to protect the divertor targets [26]. In prepara-
tion for ITER, efforts to develop a core-edge integrated scen-
ario at JET with high confinement and with partially detached
divertor conditions with the so-called JET ITER baseline scen-
ario, were started just before DTE2. For these investigations, a
plasma configuration close to the ITER shape is chosen, with
a high triangularity d,, ~ 0.35 — 0.38 and with the inner and
outer strike legs on the vertical targets of the JET divertor.
Neon or nitrogen are used as extrinsic impurities to achieve
detachment (nitrogen seeding is not desired in D-T opera-
tions, due to the formation of tritiated ammonia [27] and in
JET in particular due to concerns of poisoning the uranium
beds storing the tritium). These core-edge integration stud-
ies have demonstrated that at 2.5 MA/2.7 T in deuterium, it is
possible to obtain a Ne-seeded plasma with high-performance
(Hgg = 0.9, By = 2.2), with high recycling divertor conditions.
These conditions were sustained for 4 s without tungsten accu-
mulation and without type-I ELMs [28, 29]. The scenario was
also tested with D-T fuel in DTE2, demonstrating for the first
time the impact of Ne-seeding on a plasma with a np ~ nt
fuel mix [29]. However, the operational domain was limited
for technical reasons allowing the input power to be only 23-
25 MW instead of the anticipated 28 MW. As a result, high
performance was not achieved in DTE2, but the key aspects of
core-edge integration obtained in D was also observed in D-
T (similar increase of performance and reduction of the ELM
size with increasing Ne concentration). For clarification, the
JET ITER baseline scenario discussed here is different to the
so-called JET baseline scenario with low triangularity and a
plasma configuration optimising pumping which was extens-
ively developed for high fusion power production in the DTE2
campaign [10, 30].

In the D campaigns preceding DTE3, the investigations
on the high-performance integrated scenario, started before
DTE2, were continued placing the focus on expanding the
operation domain towards lower pedestal collisionality, both
with Ne- and with N-seeding, and on understanding the
conditions in which ELMs are avoided [31, 32]. Beyond
the scenario development efforts to simultaneously integ-
rate the core and edge requirements, the main objective of
these experiments was to provide the physics understand-
ing of the core-edge-SOL integration. For this reason, par-
ticular attention was given to obtaining well-diagnosed plas-
mas (namely diagnostic measurements in the divertor, SOL,
pedestal and core), to study in detail the core-edge integ-
ration at various fuelling and seeding levels and divertor
conditions. These data can be used to validate core and
edge modelling predictions, as well as integrated modelling

codes aimed at describing the plasma from the core to the
divertor. Higher levels of heating power Pj, ~ 33 —37 MW
(PNBI ~ 28 — 32 MW and Prgr ~ 5 MW) were now available.
The plasma current was increased from moderate (2.5 MA)
to higher values (3.0 — 3.2 MA), at gg5 ~ 2.7 — 3.3, some-
thing never attempted before with a high-triangularity shape
with the JET-ILW. However, operation at high current was
technically very challenging [33]. Nitrogen or neon seeding
was shown to lead to high recycling or even partial detach-
ment at the outer divertor. Conditions avoiding strong type-
I ELMs, and completely avoiding ELMs with larger impur-
ity concentrations, were regularly achieved. The scenario was
pushed to higher confinement (Hog > 0.8) and lower pedes-
tal collisionality v, down to ~0.5 (calculated based on
equation (18b) from [34]), approaching the values of 0.1-0.2
expected in ITER. The scenario development efforts and chal-
lenges and the detailed plasma characteristics are elaborated
in [31, 32]. Notably, in Ne-seeded deuterium plasmas, H-
mode operation could not be sustained at 3.2 MA /3.45 T, even
with Py, ~ 37 MW, while the plasmas at 3.0 MA/2.9 T had
only modest normalised confinement. This is at least partially
attributed to the technical difficulties of high current operation
and the limited heating power available.

In DTE3, the ITER baseline scenario development aimed
to demonstrate how the scenario properties and the core-edge-
SOL integration solution are modified when the plasma fuel
is changed from D to D-T (np ~ nt). Considerable effort has
been made to provide this information for two plasma cur-
rents, namely 2.5 MA and 3.0 MA, with Ne-seeding, des-
pite the technical difficulties at high current. The impact of
extrinsic seeding impurities compatible with D-T ITER oper-
ation was studied (Ne, as N was not an option in DTE2 and
DTES3). High-performance plasmas were achieved in D-T at
2.5 MA, with By reaching 2.5. Remarkably, the Ne-seeded
deuterium-tritium plasmas have a much higher performance
at 3.0 MA/2.9 T than the corresponding deuterium plasmas
at 3.0 MA and 3.2 MA, and also low target temperatures and
small or no ELMs. This indicates that the changes in the
plasma behavior due to the different isotope mass in D-T are
beneficial compared to D. Furthermore, the importance of the
D-T operation is highlighted in this case as it has allowed the
study of the effect of extrinsic impurities (Ne) on the divertor,
SOL and pedestal, at two different plasma currents. Analysis
is ongoing to elucidate the physics reason for the easier access
to high performance in D-T with respect to D.

As a result, a high-performance (stored energy ~ 8 MJ,
Hog(y,2) ~ 0.85) neon seeded (Cne ~ 2.2%) integrated scen-
ario with a partially detached divertor could be demon-
strated at 3.0 MA/2.9 T with D-T fuel and Pxgr ~ 30 MW
and Prp ~ 5 MW [31-33, 35]. The scenario is stationary for
a long time (>7 s), without tungsten accumulation and even
without type-1 ELMs. The best performing D-T pulse is shown
in figure 1. Due to a tight experimental schedule, no spe-
cific focus was placed on increasing the fusion power pro-
duced in this scenario, ~ 4.0 MW of fusion power were pro-
duced in this pulse. The fusion energy of this pulse is 27 MJ,
which exceeds the highest fusion energy achieved with ELMy



Plasma Phys. Control. Fusion 67 (2025) 045039

A Kappatou et al

3.0MA/2.9T #104600
o FPre Mw) @
10 = Prad = ]
= — -

S_OETCCG{D(keV)

3.0

? 0 r By (d)
10~

Q -

&~
o O
.
=

-l
=

| 4
£
I
i
11)1 111)
G

400F —
2001 Tos(°C) 3
10 12 14 16 18
Time (sec)
() fow 1/qgs

oY
Bn
WS #104600

‘Hog

1:rad

Figure 1. Time traces of JET pulse #104600: a high-performance,
partially detached, Ne-seeded ITER baseline scenario pulse in
D-T (np ~ nr) at 3.0 MA and 2.9 T. The ITER-like plasma shape
with high triangularity and the strike points on the vertical target is
used. (a) Heating and radiated power, the latter showcasing the
avoidance of W accumulation and lack of type-I ELMs, (b) stored
energy (Hog(y,2) ~ 0.85), (c) core electron temperature, (d)
normalised pressure O, (e) the produced fusion power, (f) tile
temperature at the outer strike point, showcasing the reduced
temperature at the target and the lack of type-I ELMs. (g) The key
parameters of this pulse (purple) are compared with those of ITER
(grey, quoted here in brackets) [37], namely Hog(y,») = 0.85 (1.00),
Jow = 0.65 (0.85), gos = 2.7 (3.2), Bx = 2.0 (2.0), ¢ peq ~

0.51 (0.06), = 0.36 (0.47), fraa = 0.94 (0.75) (the radiated
fraction of #104600 is corrected to obtain power balance,
following [38], the ratio of the signals as shown in (a) being
Prad/(PxB1 + PrE + Pohm) ~ 0.65).

H-modes in DTE1 (22 MJ) [7], though with higher input
power (see figure 7). The performance and fusion energy of the
seeded ITER baseline D-T pulses is a remarkable achievement
considering the use of extrinsic radiating impurities and the
high fuelling gas rate in these pulses. These pulses should be
additionally compared with the ITPA20-IL scaling [36], which
is more suitable for scenarios with strong shaping and higher
density operation, though it is also not applicable to seeded
plasmas. In addition, an extensive set of pulses in steady con-
ditions has been achieved at various fuelling rates, in par-
tially detached conditions, with and without ELMs, at both

lower (2.5 MA) and higher (3.2 MA) current. Detailed ana-
lysis of this comprehensive data set is underway, to understand
the confinement improvement observed with Ne-seeding, the
resilience of the pulses to W accumulation, and the impact of
Ne-seeding on pedestal transport and stability, near and far
SOL transport, core plasma transport and divertor conditions.
Core and edge modelling codes will be compared with the
datasets in both D and D-T, and integrated modelling will be
carried out with the aim of increasing the reliability of predic-
tions for ITER.

4. Investigation of peeling limited pedestals
ITER will operate at low collisionality (17 .4 <0.1—0.2),
with a low density gradient at the pedestal and a high ratio of
separatrix to pedestal electron density, and as a consequence
the pedestal may be limited by peeling instabilities (modes
with n ~ 1 —5) [39, 40]. Peeling-limited pedestals have been
achieved so far in DIII-D [40] and TCV [41], but machines
with a metal wall such as ASDEX Upgrade and JET typically
operate at the ballooning boundary. In plasmas where ELMs
are triggered by ballooning modes (n > 20), confinement is
found to degrade with increasing pedestal electron density,
and with increasing n5 /nP*® [42, 43]. Dedicated experiments
prior to the DTE3 campaign investigated peeling limited plas-
mas in JET in deuterium [44, 45], aiming to compare the phys-
ics of peeling-limited and ballooning-limited pedestals and to
test the predictive modelling capabilities for peeling-limited
pedestals. As the effect of changing the isotope mass from D
to D-T to T on the pedestal has previously been studied for
ballooning-limit pedestals [46, 47], plasmas with a peeling-
limited pedestal were also run with a deuterium-tritium fuel
mix in DTE3.

EUROPED [48] predictions have shown that reaching low
Ve pea 18 n0t sufficient for the pedestal to be limited by peeling
modes, rather, higher gos is additionally required to achieve
peeling-limited pedestals in the range of densities that are
achievable in the JET-ILW. A high triangularity scenario
(day ~ 0.37) was chosen to relate with the ITER shape. To
allow for low plasma density, a low plasma current of 1.4 MA
and a low gas rate (0 — 1 x 10?*> ¢/s) were chosen, and addi-
tionally the outer strike point was placed near the throat of the
cryopump, to maximise the pumping efficiency. The heating
power was Pngr = 22 — 25 MW and Prr < 3 MW. High By of
3.4 T and 3.8 T was used, corresponding to ggs = 7.5 and 8.2,
respectively. With respect to the pedestal top values previously
achieved and reported in the JET-ILW database [43], these
pulses reached values never achieved before, namely higher
72 values, with n2°! lower than all other high-6 pulses in the
database. Furthermore, lower v .4 values where achieved at

L d . .
a similar range of nz " /nk"" with respect to the aforementioned

database. A positive dependence of the pedestal electron pres-
sure on the electron density was observed in these plasmas
in deuterium [44, 45], a behavior opposite to that commonly
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Figure 2. Positive dependence of the electron pressure with the
electron density at the pedestal top for deuterium (blue triangles),
deuterium-tritium (gold stars), and T-rich (magenta stars), high gos,
high triangularity pulses (1.4 MA/3.8 T, gos5 ~ 8.2, Pi, ~ 25 MW)
with a peeling-limited pedestal.

observed in ballooning-limited pedestals [42, 49], consistent
with what has been observed in peeling limited pedestals in
DIII-D and in EPED predictions [50], indicating that the ped-
estals are limited by peeling physics. EUROPED modelling
indicates that the most unstable modes are peeling modes, and
good qualitative agreement with the experimental results is
found [44, 45].

The most promising plasmas obtained in pure D plasmas
at 3.8 T (highest gos5) were then repeated with mixed D-T fuel
(np ~ nt, Aer ~ 2.5) and with a majority tritium concentration
(T-rich plasmas, A ~ 2.8), to study the effect of higher iso-
tope mass on the peeling limited pedestals. The pulses were
performed in np ~ ny and in T-rich fuel, and fuelling rate
scans (0.1 — 1 x 10?2 ¢/s) at constant power were performed.
Figure 2 shows the positive dependence of the pedestal elec-
tron pressure on the electron density which was also observed
in D-T and T-rich pulses, as in D, indicating that these ped-
estals at high gos are also limited by peeling physics, which is
also confirmed by preliminary modelling. With the addition of
tritium, an increase in 2 and pf* is observed with increas-
ing A, similar to what was observed for ballooning limited
pedestals [46, 47]. The detailed analysis of the D-T and T-rich
pulses has shown that there is no direct effect of the isotope
mass on the pedestal stability, but rather an indirect effect via
the isotope effect on the density; the higher isotope mass res-
ults in a higher pedestal density, leading to improved stability
at the peeling boundary and higher pressures [45]. Notably,
while the effect of isotope mass on pressure is similar to that
in ballooning-limited pedestals, the underlying origin of the
effect is different. This work improves the understanding of

peeling-limited pedestals and informs the pedestal modelling
for ITER predictions.

5. Peripheral impurity screening

Keeping tungsten out of the plasma core is critical to minimise
high radiation losses and plasma cooling; furthermore, an
increased tungsten concentration also limits the parameter
space in which ignition can be achieved [51]. A low tungsten
content in the plasma core can be achieved by screening the
tungsten at the plasma edge if the ion temperature gradient is
strong enough with respect to the electron density gradient,
leading to outward neoclassical convection of tungsten [52,
53]. This ‘temperature gradient screening’ has been predicted
for ITER conditions [54, 55]. Impurity screening in the plasma
periphery was experimentally observed for the first time in
optimised hybrid scenario deuterium plasmas (Type-I ELMy
H-mode) in JET [56], with similar observations in DTE2 [57].
The screening strength was found to be enhanced by the strong
rotation and low collisionality of these plasmas [58]. Further
investigations on this topic have been carried out in deuterium
and in DTE3 to narrow down the location across the pedes-
tal in which the impurity screening is observed and to qualify
the ELM and inter-ELM dynamics of impurity transport in a
wider range of parameters.

The key element in achieving tungsten screening condi-
tions in the hybrid scenario plasmas has been the optim-
isation of the fuelling at the beginning of the heating
phase [57] both in terms of fuelling rate and timing to
achieve the conditions required for impurity screening, namely
low 72, high 7%, high P;,, low collisionality and strong
rotation. In D, a density variation was performed by vary-
ing the fuelling rate and timing, and the plasma current
(lower plasma currents compared to the 2.3 MA studied
in [56] down to 2.1 MA). Tangential NBI injection was
also used to vary the plasma rotation, though with a limited
effect [59-61].

In DTE2, the studies were hampered by the fact that
the horizontal bolometry camera, a critical measurement for
the analysis of the tungsten behavior, was affected by the
trittum fuelling from a nearby main chamber TIM (which
led to increased measured signals for several of its lines-of-
sight) [57] and special efforts were made to avoid this in
the DTE3 experiments. In DTE3, only a divertor TIM was
used for the tritium fuelling in the flat-top to avoid com-
promising the horizontal bolometry camera measurements.
Pulses that completely avoided the use of the main-chamber
TIM were also obtained to ensure no effect on the data. To
compensate for the use of deuterium-only NBI in DTE3, the
pulses were designed to be T-rich in the current ramp-up.
By tuning the H-mode entry as described in [57], a very
good match with the deuterium pulse #97781, in which the
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Figure 3. Relative change of the W content in the plasma due to
ELM flushing (y-axis) versus that due to inter-ELM influx (x-axis)
inferred from the measurements from the vertical bolometry
camera. A D-T pulse (#104681) and a D pulse (#105508) are
compared, shown in gold and blue points, respectively. Positive and
negative changes indicate an inward and a outward transport
direction, respectively. A comparison between cases with and
without screening is presented in [56].

impurity screening behavior was most clearly demonstrated,
was achieved in terms of radiated power and edge paramet-
ers. Further improvement was achieved by increasing the
magnetic field to 3.85 T, as this increased the L-H power
threshold allowing the same heating power ramp as used in
D plasmas without entering H-mode too early, and a very
high pedestal top ion temperature of 4 keV was reached in
the D-T pulse #104681 at 3.85 T/2.1 MA, Pxgr ~ 35 MW,
Prr ~ 3 MW and without main chamber tritium fuelling.

The detailed analysis of the bolometric measurements of
the radiated emmissivity of the recent deuterium pulses at
lower plasma current (2.1 MA) shows a similar or even
improved screening behavior with respect to the pulse #97781
(2.3 MA) [56]. The D-T pulses also exhibit impurity screen-
ing behavior, but not as strong as the D pulses. In figure 3 the
change in tungsten content in the D-T pulse #104681 and in the
D pulse #105508 due to ELM flushing is compared with that
due to the inter-ELM influx. In both pulses the radiation is at
low levels and remains controlled, but the radiation fraction is
much lower in the D pulse (~ 20% compared to ~ 30% in the
D-T pulse). In both pulses, tungsten is shown to be moderately
screened between ELMs. In the D pulse, on average the ELMs
cause an influx rather than expulsion of impurities, while in the
D-T pulse their effect is neutral. However, the D pulse shows
stronger screening behavior. Modelling of the recent D and
D-T pulses with FACIT [62] and NEO [63-65] is underway to
assess the role of neoclassical transport in the observed impur-
ity screening across the pedestal gradient region [61]. The elu-
cidation of the transport processes under these conditions by
modelling will be a valuable input for ITER, especially in view
of the recent decision to operate ITER with a full tungsten
wall.

6. Development of the quasi-continuous exhaust
small-ELM regime

Operating scenarios considered for DEMO should offer a
solution for power exhaust, but also ensure the avoidance of
transiently too high energy loads due to ELMs and good per-
formance for fusion power production. The Quasi-Continuous
Exhaust (QCE) regime developed in ASDEX Upgrade [66,
67] and TCV [68] is a promising, naturally type-I ELM-free
scenario. The QCE regime operates at high density, which
is beneficial as high separatrix density is a requirement for
power exhaust, and showcases performance comparable to
type-I ELMy H-mode scenarios [69]. Both high fuelling and
strong shaping are necessary to achieve QCE. Frequent, low-
amplitude filaments are present in place of ELMs.

The QCE has been extensively studied in ASDEX Upgrade
and TCV, and an in-depth understanding of the physics gov-
erning the QCE behavior has recently emerged. The role of
the separatrix and in particular of ideal ballooning modes
becoming unstable at the pedestal foot has been highlighted
as explanation for the avoidance of type-1 ELMs [67, 70]. The
collisionality and the related turbulence control parameter o,
defined in [71], in this region has also been connected to the
transition to QCE. Furthermore, QCE access criteria have been
developed based on an ideal MHD model, namely the min-
imum shaping and separatrix density required [72]: stronger
shaping allows the local ideal ballooning modes to destabilise
before global modes can become unstable, and the high sep-
aratrix density increases the pressure gradient at the pedestal
foot allowing the local ballooning modes to become unstable.

This understanding and the experience gained in AUG and
TCV motivated the investigation of the QCE regime in JET.
JET’s larger size helps in reducing the pedestal top collisional-
ity at a given separatrix collisionality. Furthermore, JET’s tri-
tium capability offers the possibility to investigate the regime
in mixed isotope plasmas, to demonstrate its feasibility in
deuterium-tritium mixed plasmas, and to identify any differ-
ences in the QCE behavior and access requirements between
D and D-T plasmas. As described in section 2, one of the main
goals of the DTE3 campaign was to assess scenarios for power
exhaust, naturally including the QCE regime.

The QCE regime was successfully ported to JET in deu-
terium plasmas [73, 74]. Initially, the shaping requirement was
addressed by developing a close-to-double-null shape, build-
ing on the shape developed in [75]. With this strong shaping,
sufficient heating power to stay clearly in H-mode and suf-
ficient fuelling (i.e. high enough separatrix density) to sup-
press the ELMs, stationary pulses in the QCE regime were
obtained. As in the other devices, the characteristic high fre-
quency filaments were observed also in JET. The aim to lower
the pedestal collisionality with respect to the values achieved
in smaller devices was met with v*ET ~ 0.7 — 2.0, lower than

e,ped
that achieved in the medium-size tokamaks v; 5% ~ 1.6 — 25
and Ve*lT)ng ~ 2.6 — 17, at similar pedestal top densities for JET

and AUG as those predicted for ITER and EU-DEMO [73].
The collisionality v .4 quoted here is calculated based on
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Figure 4. Comparison between two JET pulses in the QCE regime,
one in deuterium (#103446 in blue) and one in deuterium-tritium
mixture (#104494 in gold). (a) Input NBI and ICRH power, (b)
radiated power, (c) stored energy, (d) electron density (--------- )
and electron (- - -) and ion (—) temperatures at ppo ~ 0.9. Both
pulses have the same plasma shape (Sq ~ 5.3 [72]), very similar
filamentary behavior and reduced divertor power loads [74].

equation (18b) from [34]. The experimental observations and
the required shaping and fuelling needed to achieve the QCE
regime in JET are in line with the physics picture obtained
in AUG and TCV [74] and further analysis will confirm
whether the same physics mechanisms govern also the JET
experiments.

The QCE regime was then straightforwardly operated with
a deuterium-tritium fuel mixture. The QCE behavior was
found to be similar in D-T, with regards to the access require-
ments for strong shaping, fuelling and heating and the fila-
mentary behavior. The similarities between the QCE pulses
in D and in D-T are not surprising, but rather confirm the
expectations with changing the plasma effective mass, as the
explanation based on ideal MHD does not indicate a mass
dependence [72], and the mass dependence of the power fall-
off length is weak [69]. The parameter space in which QCE
was achieved in D-T is a subset of that achieved in D, for
example QCE pulses were achieved with a plasma current
up to 2.0 MA in D-T while 2.25 MA were achieved in D.
However, it should be stressed that this was simply to the lim-
ited experimental time available to work with D-T plasmas,
rather than any other limitation of the scenario. Overall, the
boundaries of the QCE existence parameter space both in D
and D-T were mainly due to technical constraints, rather than
physics reasons limiting the QCE regime.

Figure 4 shows a comparison between a D and a D-T
QCE pulse. The plasma shape is identical between the two

pulses (close-to-double-null), and the gas fuelling very sim-
ilar. The deuterium-to-tritium ratio is np ~ nr, slightly vary-
ing from D-rich to T-rich during the pulse. With only slightly
higher input power, significantly higher stored energy and nor-
malised pressure is observed in the D-T pulse (3R ~ 1.5 and

1]\31 ~T ~ 1.8). This originates from a higher pedestal pressure
in D-T, phenomenologically similar to observations in type-I
ELMy H-modes in D-T [46, 47]. However, in the QCE pulses,
the increase in pressure is due to higher pedestal electron and
ion temperatures and electron density in D-T, contrary to the
observations in other plasma scenarios where the increased
pressure is predominantly due to a higher electron density. The
pedestal collisionality of the D-T pulse is lower than that of the
D pulse (l/e ~1.2, l/:];edT 0.9).

The QCE pulses in DTE3 have proven that the QCE regime
can be achieved in D-T plasmas. As discussed, producing a
high level of fusion power was not the goal of these experi-
ments. Rather, it was successfully shown that there are no dif-
ferences in D-T in terms of the QCE access criteria and over-
all characteristic QCE behavior such as the absence of type-I
ELMs. The detailed analysis of the transport, confinement and
mode stability in the D-T plasmas will allow the inclusion of
the role of the isotope mass in the physics understanding of the
QCE regime.

7. The X-point radiator regime

A future power plant will need to operate with a detached
divertor to protect the first wall materials from the very high
heat and particle loads. More than 95% of the exhaust power
should be dissipated, with a large fraction thereof dissipated
in the confined region. With this in mind, fully detached scen-
arios and their characteristics have been actively investigated.
Impurity seeding is used to increase the radiated power and
induce detachment. With the pronounced detachment of the
outer divertor induced by impurity seeding, a small region with
intense radiation, low temperature and high density evolves
inside the confined plasma at or slightly above the X-point.
This so-called X-point radiator has been observed in ASDEX
Upgrade and JET [76, 77], as well as in many other toka-
maks [78]. The X-point radiator regime (XPR) was shown
to be a stable operational scenario that offers access to com-
plete detachment with various seeding impurities, and can
even provide conditions in which ELMs are suppressed. An
analytical model for the XPR has been developed in [79].
Additionally, it was demonstrated at ASDEX Upgrade that the
XPR position above the X-point can be controlled in real-time,
providing a way to control the full divertor detachment [80].
In the recent JET deuterium campaign preceding DTE3,
the XPR scenario has been investigated further at higher input
powers (up to 33 MW) with respect to previous investiga-
tions [78], and also mixes of impurities were used for seed-
ing (combinations of nitrogen, neon and argon). With these
improvements, the XPR regime was further stabilised and an
active control for the XPR position was implemented. The
scenario investigations were performed at (for JET) moderate
plasma current and magnetic field (2.5 MA/2.65 T), usually
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Figure 5. Two JET D-T pulses in which the height of the X-point
radiator is controlled in real-time by controlling the argon seeding in
feedback, while Ne is injected in feed-forward. In #104293 the XPR
position is successfully controlled at two different heights and in
#104294 the XPR position is successfully maintained despite a
perturbation in the input heating power. (a) Heating and radiated
power, (b) gas flow requests and (c) the XPR position defined by the
bolometry channels of the horizontal JET bolometry camera for
#104293, (d)—(f) for #103294, respectively.

at medium to high input power (Pj, ~ 25 — 27 MW) and with
a low triangularity plasma shape. The XPR control method
developed in ASDEX Upgrade was successfully ported to
JET [81, 82]. As in ASDEX Upgrade, the XPR position was
detected in real-time using bolometry signals and was con-
trolled in real-time using impurity injection.

The existence of the X-point radiator was demonstrated
also in D-T plasmas in stationary conditions and was also suc-
cessfully controlled in real-time. The dynamics of the XPR
position control were almost identical between D and D-T. The
availability of a real-time control scheme helped to quickly
obtain similar conditions in D-T plasmas as in D plasmas. A
mixture of argon and neon seeding was used in D-T as this was
identified to be the best choice in D plasmas, while maintaining
the compatibility with D-T operations, since nitrogen seeding
is not an option (due to the formation of tritiated ammonia).
Plasmas seeded with an argon and neon mix performed better
than single impurities and stayed reliably in H-mode (unlike
the plasmas with single seeding species) [78]. Two example
pulses are shown in figure 5: the XPR position is successfully
controlled to two different heights in #104293 and the XPR
position is kept to a set level despite a strong perturbation in
the input heating power in #104294 (which would have other-
wise affected the XPR position) by seeding argon in feedback
and neon in feed-forward mode.

As in deuterium plasmas with relatively high power and
argon and neon seeding mixture, the presence of the XPR did
not have a detrimental impact on the plasma confinement in

D-T once it is ensured that the H-mode is maintained with
sufficient heating power and the appropriate seeding mix. In
particular, no strong deterioration of the edge pressure was
observed with the introduction of impurity seeding. The core
temperatures increase with the seeding (the ion temperature
more strongly so than the electron one), following past obser-
vations in such seeded scenarios, explained by the stabilisa-
tion of ITG modes in the plasma core [83]. It should be
stressed here that the confinement in the pulses investigated to
address the XPR physics and control is low (Hgg(y, 2y ~ 0.65
for unseeded and Hog(y 2) ~ 0.7 — 0.8 for seeded deuterium
plasmas). As these pulses involve strong impurity seeding,
they are not appropriately described by the existing confine-
ment scalings. Due to the limited run time available, there
were no efforts invested in achieving high confinement in this
seeded scenario, neither in D nor in D-T plasmas.

Comparing seeded D-T and D plasmas with an XPR present
(with argon and neon seeding), the changes due to the differ-
ent plasma effective mass are in line with previous observa-
tions [46, 47]. The stored energy in the D-T plasmas is higher
with respect to the D ones, with a higher electron density in D-
T (across the plasma radius), while the electron and ion tem-
peratures are similar. Demonstrating high fusion power pro-
duction and high performance was outside the scope of the D-
T experiments in this scenario, which aimed at demonstrating
the existence and control of the XPR in D-T, and at confirming
that the XPR regime is achievable also in the relevant fusion
fuel. The applicability and performance of the XPR regime in
ITER and future fusion power plants still needs to be invest-
igated [78], and the experiments in D and D-T at JET provide
unique data for this purpose. Detailed modelling, among oth-
ers with SOLPS-ITER and integrated modelling, is underway
to improve the understanding of the XPR as well as the predic-
tions for such regimes and their confinement in future devices.

8. Tritium retention and clean-up

The retention of the fusion fuel in the plasma-facing compon-
ents is one of the main concerns for ITER and future fusion
power plants. High levels of retention in the wall would imply
high levels of radioactivity in the first wall materials, adding
to those produced due to the neutron activation, with implica-
tions for machine decommissioning. The tritium stored in dif-
ferent regions of the vessel should be limited to comply with
safety regulations. During operations, excessive tritium reten-
tion would mean that operations cannot continue until the tri-
tium inventory is reduced below the safety limits. In addition,
high tritium retention limits the amount of tritium that can be
used to fuel the plasma, placing additional demands on the
trittum breeding ratio in fusion power plants. Therefore, the
quantification of the fuel retention and the characterisation of
the tritium cycle is crucial information for ITER and any future
fusion device.

Understanding fuel retention has been a major activity at
JET since it was recognised that the tritium retention in the
JET carbon wall following the PTE and DTE1 campaigns was
unacceptable [84, 85]. The change to a metal wall for JET was
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motivated by these results and the deuterium fuel retention
with the JET-ILW was found, as expected, to be significantly
lower [86, 87].

JET provides a unique opportunity for such studies in a
fusion device environment and in particular with a large tri-
tium inventory as discussed in section 2. The amount of tritium
injected into the vessel, which is the relevant number for reten-
tion studies, was 107.5 gin DTE3 (only via the TIMs). For ref-
erence, 145.2 g were injected into the vessel in DTE2 (138.8 g
via the TIMs and 6.4 g via the NBI), and 106.7 g in the T
campaign (96.5 g via the TIMs and 10.2 g via the NBI) [88].
Studies to assess tritium retention and tritium removal were
performed in DTE3 [88, 89], to extend the work done before,
during and after the DTE2 and T campaigns in 2021-2022 [90,
91]. A variety of fuel retention measurements were obtained
in DTE3, addressing both global and local retention.

The global retention is derived from in-vessel gas balance
measurements [86, 92], by assessing the gas and particle bal-
ance between the injected and the recovered fuel after a pulse
(short term) or after several identical pulses (long-term reten-
tion), or after longer operating periods. This technique is par-
ticularly challenging as it is associated with large uncertain-
ties when retention levels are low (as is the case in JET-ILW).
The tritium accounting following the DTE2 and T experi-
ments was unfortunately inconclusive [91]. This also became
clear in DTE3, where so far only a qualitative assessment
was possible from the gas balance measurements obtained via
the Residual Gas Analysis and Pressure Volume Temperature
technique [91]. The preliminary analysis based on these meas-
urements indicated that there is no significant isotope effect
on the global in-vessel fuel retention, when comparing D;, T,
and D-T plasmas [89], with no significant difference observed
within the accuracy of the technique. Further work is required
to confirm the independence of fuel retention on the fuel mass,
including a comparison of the short and long-term retention
and outgassing observed.

In addition to the challenging gas balance measurements,
the local in-situ fuel retention was measured for the first time
using a unique diagnostic based on Laser-Induced Desorption
Quadrupole Mass Spectrometry (LID-QMS) [93]. Following
its commissioning in the deuterium experiments preceding
DTE3 in 2023, the LID-QMS provided the first-ever in-
situ tritium retention measurements in DTE3. The LID-QMS
laser was directed at the uppermost tiles of the inner diver-
tor (Tile O and Tile 1, see figure 1 in [90]), where reten-
tion by co-deposition is high in the JET-ILW [90]. The LID-
QMS was shown to have sufficient sensitivity to measure the
desorbed fuel and to distinguish between D,, DT and T, see
figure 6 [93], allowing qualitative comparisons of the relative
changes in fuel retention [89]. The LID-QMS measurements
are in qualitative agreement with the fuel retention predictions
which estimated that ~2% of the injected fuel is retained in-
vessel, based on gas balance measurements [86] and the distri-
bution of retention in the vessel based on post-mortem analysis
of vessel wall tiles [90, 94]. The quantitative analysis of the
LID-QMS measurements is ongoing and calibration methods
for the diagnostic are being developed [95].
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Figure 6. LID-QMS spectra (left) and time traces (right) obtained
before and after gas was desorbed due to the LID-QMS laser pulses
on the tile, illustrating that the diagnostic has sufficient sensitivity to
distinguish between D,, DT and T,. The fuel retention is measured
in-vessel after one week of JET D-T plasma operations. The gas is
desorbed with 99 separated laser spots in raster mode. The laser spot
has 3 mm diameter and the pulse rate is 50 Hz resulting in the
desorption of fuel from an area of 7 cm? in 1.98 s. The laser power
was 21 kW and the pulse length was 1 ms. Reproduced from [93].
© 2024 The Author(s). Published by IOP Publishing Ltd on behalf
of the JAEA. CC BY 4.0.

After the end of JET operations in 2023, the LID-QMS
and global gas balance measurements is being complemented
by Laser-Induced Breakdown Spectroscopy (LIBS) measure-
ments [96], a new diagnostic utilised now that the JET vessel
is vented. In addition, ex-situ post-mortem analysis of plasma-
facing component samples after removal from the JET ves-
sel will be performed, as was done following the first JET-
ILW deuterium operations in 2011-2016 [90, 94, 97, 98].
The removed plasma-facing components will include the tiles
that were used for in-vessel LID-QMS fuel retention meas-
urements to allow for a comparison with ex-situ retention
measurements.

Both the DTE2 and DTE3 campaigns were followed
by specially designed, optimised tritium clean-up opera-
tions, including both plasma operations and other techniques.
Several methods were tested prior to and after DTE2, and sub-
sequently applied also in DTE3 to assess their effectiveness
in removing tritium from the JET vessel, as was done after T
and DTE?2 operations in 2021/2022 [91]. The cleaning after
DTE3 included baking the vessel to 320 °C, also in combina-
tion with ion cyclotron wall conditioning, followed by limiter
plasmas, raised inner strike point (with one strike point on Tile
1) plasmas [99] with NBI and RF heating, helium plasmas, and
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specially designed clean-up plasmas with various heating con-
figurations (some of which were also used for other scientific
purposes). Throughout the tritium clean-up operations, regular
LID-QMS measurements were carried out to provide inform-
ation on the effectiveness of each method in removing T from
the surfaces [88]. The detailed analysis to draw firm conclu-
sions on the effectiveness of each method is still ongoing.

The objectives of the tritium clean-up were the reduction
of the tritium concentration in the plasma below 1% to allow
returning to D plasma operations with low neutron rates, and
the reduction of the tritium content in the exhaust gas below
0.02% to be able to return the Active Gas Handling System
(AGHS) system into standard operation without tritium. For
the first objective, a combination of spectroscopic methods
was used to assess the T concentration (optical Penning gauge
spectroscopy in the plasma exhaust gas, spectroscopic Balmer
lines measured in the divertor) as well as neutron measure-
ments to indirectly infer the tritium concentration [91]. For
the second objective, information from the exhaust gas ana-
lysis from AGHS and from the Exhaust Detritiation System
were used. The trends were similar to those after DTE2 and
about 4 weeks of operation were needed to reduce the tritium
to the target value of 0.02%. The local fuel inventory in differ-
ent areas of JET tiles was monitored extensively and regularly
with LID-QMS throughout the DTE3 campaign, the tritium
clean-up phase and the subsequent deuterium experiments.

Despite the challenges, significant progress was made in
understanding tritium retention and clean-up. New diagnostics
(LID-QMS) and clean-up procedures were developed. Given
the technical difficulties in achieving quantitative tritium
accounting, important lessons have been identified on how to
address fuel retention in future devices. Specifically for gas
balance measurements, contamination of the exhaust gas due
to technical issues or preceding plasmas can lead to unac-
ceptably high uncertainties in its characterisation and needs
to be avoided. For LID-QMS, quantitative analysis requires
understanding of pumping conditions which necessitates a gas
injection calibration system [93]. The lessons learned from
these experiments underscore the importance of implementing
dedicated in-situ gas balance instrumentation and the careful
application of the technically challenging techniques required
to quantify the tritium inventory [88].

9. Nuclear technology studies in preparation for
ITER

In addition to plasma physics studies, the D-T operations at
JET provide a unique opportunity to study nuclear technology
issues in a tokamak environment. During the DTE2 and DTE3
campaigns, the total neutron fluence on the plasma-facing
components of JET is of the order of 10'®neutrons /cm?. In
comparison, the maximum neutron fluence expected at the
front ITER shield block is five orders of magnitude higher at
the end of its operational life and three orders of magnitude
higher at the end of the first DT phase. Thus, the JET con-
ditions cannot reach the same level of material damage or
activation as those in the most-irradiated components of ITER

machine. However, the neutron fluence levels reached at JET
are comparable to those in middle port plugs and rear blanket
regions of ITER at the end of the first DT phase, and in the
rear port plugs at the end of its operational life. These regions
house diagnostics and components of heating systems, making
the JET conditions relevant in terms of cumulative fluence for
these systems. Furthermore, due to the greater attenuation of
radiation by ITER structures compared to JET, the shutdown
dose rates in maintenance areas of JET are similar to those in
ITER. More details can be found in [100, 101].

The technological exploitation of the JET D-T operation
in preparation for the ITER nuclear operations was contin-
ued in DTE3, with the aim of improving the knowledge
of nuclear technology and safety, and advancing the under-
standing of neutron irradiation. Considerable effort has been
invested in the development and verification of neutron dia-
gnostic calibration methods for 14 MeV neutron measure-
ments. Accurate calibration of neutron detectors is essential to
measure fusion performance and plasma parameters, to reduce
the uncertainty margin in the use of the available neutron
budget, and to provide accurate neutron yields for neutronics
benchmark experiments. Absolute calibration of the main JET
neutron diagnostics, i.e. the fission chambers (time-resolved
neutron yield rate measurements) and the activation foils sys-
tem (integral neutron yield) was performed in 2017 using a
14 MeV neutron generator deployed inside the vacuum vessel
using the remote handling system [102]. The 14 MeV neutron
calibration was verified during plasma operation in DTE2 and
now also in DTE3, meeting the challenging ITER requirement
of £10% uncertainty. Further to neutron calibration, DTE2
and DTE3 projects included the characterisation of the activ-
ation and radiation damage to ITER functional materials, the
validation of neutron streaming and shutdown dose rate mod-
elling, and the development of detectors for test blanket mod-
ules. Key elements of these investigations are the develop-
ment and validation of nuclear computational tools and exper-
imental techniques, and the demonstration of the reliability of
the codes used for ITER nuclear analysis. A detailed overview
of the studies contributing to the preparation of ITER nuclear
operation can be found in [103].

New studies were undertaken in DTE3 in preparation
for ITER’s nuclear operation, which were not considered in
DTE2 [100]. In DTE3, an experiment to assess the activation
of cooling water was performed for the first time. Water circu-
lating in the cooling pipes is activated by high-energy neutrons
and then transported through the cooling circuits. This induces
additional heat loads and an increased radiation dose to the
machine components. Sensitive systems outside the bioshield
may also receive significant radiation doses [104]. The first
measurements of water activation in a real tokamak cooling
loop during D-T operation were obtained in the cooling loop
of the NBI system in Octant 4 (at the NBI duct scraper). Once
calibration is complete, the measured activation level will be
compared against the anticipated peak value of the order of
3-107 Bq, estimated in advance under conservative assump-
tions [105] and will allow the validation of predictions made
for water activation in ITER [105, 106]. Another major con-
cern for ITER is the potential for neutron-induced failures
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in electronic systems. To complement studies at WEST in D
operations [107] and CERN dedicated test benches and meas-
urement systems were installed in the JET basement to meas-
ure Single Event Effects on electronics (caused by instantan-
eous interaction of a single neutron with the material) for the
first time in D-T operations. This unprecedented systematic
study of such effects in a real tokamak environment confirmed
the modeling and predictions of Single Event Effect under D-T
operations [108].

10. Addressing outstanding issues from the DTE2
campaign

Part of the DTE3 campaign was devoted to addressing the open
questions remaining from the T and DTE2 campaigns [10], in
order to complete and consolidate the work done in these cam-
paigns by extending the physics understanding of the topics
addressed. As noted in section 2, it was not deemed advant-
ageous to attempt to increase the fusion performance beyond
the DTE?2 achievements, and this was not part of the objectives
of the DTE3 scientific program. The main topics are briefly
described below.

10.1. Studies on RF heating schemes

The second harmonic ICRF heating of tritium 2w, (T) was
shown to be capable of providing bulk ion heating in ITER-
relevant conditions in DTE2 [109], increasing the confidence
in this reference ICRF scheme for ITER D-T plasmas at a
magnetic field of 5.3 T. In DTE3, as only deuterium NBI
was available and fast T was not present, experiments could
be carried out to investigate the role of the ICRF-NBI syn-
ergy in D-T plasmas (np ~ nr) [110], with a small amount
of 3He intrinsically in the plasma (0.2%-0.4%). The stud-
ies were performed, as in DTE2, with H-mode pulses at
34T, 2.2 MA, with Pgg ~2—4.5 MW (central resonance)
and Pngr = 22 — 29 MW. However, the differences observed
between the DTE2 pulses (with D- and T-NBI) and the DTE3
pulses (only D-NBI) could not be explained by the differences
in heating [111] given that the bulk ion heating reduced by
~7% and the bulk electron heating was increased by ~33%,
when only D-NBI was used (with respect to the pulses with D-
and T-NBI). A decrease in the ion to electron temperature ratio
would have been expected, while both the ion and electron
temperature decreased at fixed T;/T,. Additional effects need
to be considered to explain the observations, such as transport,
fast particles, impurities, MHD or machine conditions. The
RF scheme based on w = w.(*He) = 2w, (T) was also com-
pared in L-modes with the more commonly used scheme on
w = w(H) and was found to perform equally well [111].

The three-ion RF heating scenarios [112] were also fur-
ther investigated in DTE3. A novel ITER-relevant ICRF
scheme, which can heat D-T plasmas with np ~ nt using *Be
impurities inherent in JET plasmas with the Be/W wall, was
demonstrated in DTE2 and was shown to efficiently heat the
core plasma locally with a significant increase in the core ion

temperature [113]. In DTE3, the three-ion RF scheme heat-
ing °Be impurities (fxr = 25 MHz, Bt = 3.7 T) was compared
with the RF scheme heating H minority ions (frr = 55 MHz,
Bt =3.7T) in D-T plasmas. A higher core ion temperature
was observed with the three-ion scheme (predominantly ion
heating, 7; increasing from ~ 3.0 keV to ~ 5.5 keV), while
a higher core electron temperature was observed with the H-
minority scheme (predominantly electron heating, 7., increas-
ing from ~ 3.5keV to ~ 6.5keV), when 2.5 MW of ICRF
power was added to the L-mode D-T plasmas (np ~ nt, 3.7 T,
2.0 MA), pre-heated with 7.5 MW of NBI [114]. In addition, a
three-ion RF scheme heating argon impurities was tested. The
increase of 7; with ICRF was experimentally observed with
argon levels up to ~ 0.1%.

The fundamental (n = 1) harmonic ICRF heating of D was
also investigated. In ITER, the bulk D ions will efficiently
absorb the majority of the ICRF power at the fundamental D
frequency in plasmas with np ~ nt (40 MHz at 5.3 T) [115].
This scheme was expected to work also in JET plasmas with
np ~nt [116, 117]. It was now tested in DTE3 and was
demonstrated to have similar power absorption efficiency as in
the T-rich case, with significant fraction of the power absorbed
by ions [118].

Finally, the new DTE3 experiments will contribute fur-
ther to the understanding of the interaction between RF waves
and fusion-born a-particles. DTE2 experiments had found that
energetic c-particles have sufficient energy to interact effect-
ively with RF waves, with moderate changes in their distri-
bution predicted and observed experimentally, but with negli-
gible impact on their losses and the electron and ion heating
they provide [119].

10.2. Dependence of heat and patrticle transport and L-H
power threshold on the isofope mass

One of the main objectives of the T and DTE2 campaigns
was the characterisation of the heat and particle transport in
type-I ELMy H-mode plasmas containing tritium. Despite the
extensive experimental investigations and modelling activit-
ies, which provided crucial information for understanding the
isotope dependence in the plasma core and the pedestal [47],
some questions remained open that could be addressed exper-
imentally. Experiments were performed to assess the ped-
estal of T-rich and D-T plasmas at higher gas fuelling than
previously investigated. The ongoing analysis aims to clarify
whether the pedestal of a D-T plasma degrades with gas fuel-
ling, similar to what is observed in H or D plasmas, or whether
it is constant as in T plasmas, and whether the pedestal of T-
rich plasmas degrades at even higher gas fuelling.

The T and DTE2 campaigns also addressed the L-H power
threshold in T, D-T and H-T plasmas to complement the
thorough investigation in H and D plasmas [120]. In DTE3,
information on the L-H power threshold in the low and high
density range, which was missing from the previous invest-
igations, was obtained. Furthermore, a controller to tailor the
H-mode entry was developed, via monitoring the ratio of the
power across the separatrix over the L-H power threshold and
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Figure 7. Fusion power produced in JET in DTE1 (ELM-free H-mode #42976 and ELMy H-mode #42982, in grey), DTE2 (hybrid scenario
with np ~ nt #99869 in blue, T-rich hybrid scenario #99971 in red) and DTE3 campaigns (T-rich hybrid scenario #104522 in orange,
Ne-seeded ITER baseline scenario #104600 in purple, JET baseline scenario #104663 in teal).

using the NBI power and the fuelling as actuators, and was
successfully tested in DTE3 [121].

10.3. Scenarios for high, sustained fusion power

The JET hybrid scenario achieved sustained high fusion power
production in DTE2, reaching record values of fusion energy
in a D-T plasma with np ~ nt (46 MJ) [57]. One of the open
questions following the DTE2 experiments concerned a pos-
sible isotope effect on the formation of the internal transport
barrier (ITB) observed in hybrid plasmas in D but not in D-T.
In dedicated experiments to study the ITB formation in D-T,
it was observed that a similar ITB could be observed on the
ion temperature profile in D-T plasmas with a T-rich ohmic
current ramp (similar to that described in section 5), as in the
comparison D plasmas. Preliminary evidence suggests that the
isotope effects do not play a major role, but rather an early gas
puff prevented the development of a strong ITB.

The JET baseline scenario was not successfully sustained
long enough in DTE2, although the plasmas were stable for
5 s in D [10, 30]. The scenario was revisited in DTE3 to
understand the physics reasons why it was not possible to sus-
tain the plasmas at the envisaged plasma current of 3.5 MA.
Neither sufficient input power, nor sufficient experimental
time was available to develop the scenario at 3.0 MA in DTE2.
Experiments at 3.5 MA were not performed as this was con-
sidered to be a high risk for the machine (a potential leak would
have compromised the plasma facing component samples,
which will be removed from the vessel for further analysis).
MHD activity limited the plasma performance when the max-
imum available input power was used (at 3.0 MA, 2.9 T).
This was successfully mitigated by slightly reducing the input
power (Pxgr ~ 27 MW, Pgrg ~ 3 MW), and for the first time a
JET baseline pulse could be sustained in D-T for 5 s in DTE3,

until the programmed pulse termination, albeit with a slight
decrease in the neutron rate [122]. The fusion power produced
in this pulse #104663 can be seen in figure 7. No time was
available to optimise the pulse further. These data comple-
ment the DTE2 pulses and are now being analysed to under-
stand the difficulties in establishing baseline scenario plasmas
at high plasma current, and publications are in preparation.
Specifically, the JET baseline scenario’s inability to achieve
a stationary pulse in D-T has been attributed to the fact that
the fuelling scheme has not been able to sustain the neces-
sary ELM activity. This scheme, which was successful in D
in maintaining a stable density and radiated power, did not
translate to D-T operations. The reader is reminded that this
scenario does not use impurity seeding and is different from
the one described in section 3, among others with regard to the
plasma shape and the divertor configuration.

10.4. Increasing the stationarity of the T-rich hybrid scenario

Tritium-rich hybrid scenario pulses delivered a fusion energy
record of 59 MJ in DTE2, a world fusion energy record at the
time [17]. This success was made possible by optimising the
plasma composition and heating methods. Deuterium NBI was
used to heat a tritium-rich plasma to maximise non-thermal
fusion reactions, and RF heating was applied at the funda-
mental harmonic (n = 1) D resonance which further increased
the D-T fusion power due to the enhanced acceleration of deu-
terium by the applied RF power [117]. The plasma scenario
relied on the fast isotope transport (mixing) effect to keep the
deuterium-tritium ratio under control [123, 124]. This scen-
ario was revisited in DTE3 in an attempt to improve the pulse
stationarity. With higher Prp (from ~ 3.8 MW to ~ 5.5 MW),
the plasma was shown to be more resilient to high-Z impurity
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accumulation. The reproducibility of this plasma scenario was
confirmed.

As aresult, a new fusion energy world record of 69 MJ was
achieved. Figure 7 shows the fusion power produced in JET in
all three D-T campaigns with a substantial tritium concentra-
tion. For DTE1, the ELM-free H-mode pulse that transiently
produced very high fusion power (>15 MW) and an ELMy H-
mode pulse with stationary fusion power production are shown
in grey. Two hybrid scenario pulses performed in DTE2, one
with np ~ nt and one T-rich (nr/(np + nt) ~ 0.85) are shown
in blue and red, respectively. The T-rich hybrid scenario pulse,
which produced the latest fusion energy world record obtained
in DTE3 is shown in orange. A Ne-seeded ITER baseline scen-
ario pulse from DTE3, the only one in this set with a high
radiation fraction due to a seeding impurity and a partially
detached divertor, is shown in purple.

11. Summary and outlook

The third and last D-T campaign with a substantial tritium
concentration at JET in 2023 successfully complemented the
deuterium experiments in 2022-2023 [12]. The focus was on
the development of scenarios for ITER and DEMO, the exten-
sion of the physics understanding and prediction capabilities
for future devices. The DTE3 campaign was based on the sci-
entific objectives and experiments of the previous deuterium
campaigns. These deuterium campaigns included the devel-
opment of a radiative high current scenario for ITER and the
transfer of plasma regimes developed in medium-size toka-
maks to JET (such as the QCE and XPR regimes). Several
other topics were investigated in D, such as strategies for dis-
ruption and runaway mitigation and high-beta long-pulse scen-
arios, which were not included in DTE3 and are therefore not
addressed in this publication [12]. The extensive effort devoted
to the development of the different plasma scenarios in D
has made it possible to demonstrate the scenarios in D-T in
a straightforward manner and to assess the changes with the
different isotope masses. The lessons learned during the T and
DTE2 campaigns [14] and their implementation were crucial
for the efficient execution and successful results of the DTE3
campaign. It was made clear that the recent experience, both
technical and scientific, with D-T plasmas and nuclear oper-
ations was extremely beneficial, a point that should be con-
sidered with a view towards future nuclear fusion devices, as
discussed in section 2 [14].

The scientific objectives of the DTE3 campaign, introduced
in section 2, have been successfully addressed, and the key
results are summarized below. This also highlights the next
steps in analysis and modelling that are necessary to inform
ITER and future fusion devices:

(i) In view of ITER, a core-edge-SOL integrated H-mode
scenario has been developed and tested in D-T in sup-
port of ITER [31, 32, 35] (section 3). This scenario oper-
ates in an ITER-like plasma shape configuration, shows
good confinement and the divertor is partially detached

with the use of Ne-seeding. D-T operations extended the
scenario parameter space, as only in D-T high perform-
ance with Ne-seeding was possible at 3.0 MA, and high-
lighted the impact of the higher isotope mass. Stationary
pulses with good performance, no tungsten accumula-
tion and even without ELMs were achieved in D-T. An
extensive data set is now available in both D and D-
T to benchmark of core, edge and core-edge integrated
modelling codes and to provide valuable information for
ITER. An additional challenge for the integrated mod-
elling used to provide predictions for ITER based on
these results will be to account for the recent change in
the planned wall material for ITER, from Be/W to all-
W [125]. Several aspects are being investigated, relat-
ing to the impact of the radiating seeded impurity on the
plasma confinement, the pedestal and SOL characterist-
ics, the partial detachment access criteria, the source and
transport of tungsten, and the underlying mechanisms for
the suppression of type-I ELMs.

(i) Plasmas with a pedestal limited by peeling modes,
such as may be encountered in ITER, have also
been studied with D, T-rich and D-T fuel [44, 45]
(section 4). For all isotopes, a positive correlation
between pedestal electron pressure and pedestal elec-
tron density was observed, in contrast to the case
of ballooning-limited pedestals. The pedestal pres-
sure does not decrease with increasing nese /Ngpea. The
peeling-limited pedestals characteristics and the impact
of the isotope mass are currently being compared
in detail with ballooning-limited pedestals, as well
as with peeling-limited pedestals achieved in smaller
devices.

(iii)) The conditions of impurity (tungsten) screening at the
plasma periphery, as predicted for ITER, have been
further explored in hybrid scenario plasmas [59, 60]
(section 5). Scenario adjustments have improved the dia-
gnostic coverage in D-T, which was lacking in previous
studies [57]. Detailed transport modelling is now under-
way to understand the physics mechanisms behind the
experimental observations of tungsten screening.

@iv) In view of DEMO, a scenario without type-I ELMs,
the QCE regime, was successfully achieved with D-T
fuel [73, 74] (section 6). The access criteria for strong
shaping and high separatrix density are similar in D-
T [72]. The QCE follows the expectations of higher pres-
sure in D-T with respect to D plasmas. The details of the
pedestal changes from D to D-T, namely the increase of
the temperature and not only the density, remain to be
understood.

(v) The X-point radiator regime, a scenario with full detach-
ment as required for DEMO, was established in D-T,
aided by the real-time control of the XPR position pre-
viously developed in D plasmas [78] (section 7). A
mixture of argon and neon was found to be the best
seeding candidate, as in D plasmas, and the changes
in plasma performance from D to D-T were in line
with expectations. SOL and divertor modeling is now



Plasma Phys. Control. Fusion 67 (2025) 045039

A Kappatou et al

underway to improve the understanding of the XPR also
across isotopes and to enable predictions for ITER and
DEMO.

(vi) The characterisation of tritium retention continued in
DTES3, using gas balance measurements for global fuel
retention measurements and the new LID-QMS dia-
gnostic for local in-situ fuel retention measurements [88,
89] (section 8). Preliminary results show that fuel reten-
tion is independent of the fuel mass. The LID-QMS
provided the first in-situ tritium measurements, which
were shown to be in qualitative agreement with the
predictions. As after DTE2, tritium clean-up operations
were carried out after DTE3, and information on the
effectiveness of different methods was collected. The
data obtained before, during and after DTE3 require
comprehensive analysis to draw conclusions on the tri-
tium retention and clean-up, and will provide valuable
information for ITER and all future fusion devices.
The work will continue with in-situ LIBS measure-
ments now that the JET vessel has been vented, and
will be completed after the analysis of the plasma-
facing-component samples that will be removed in the
future.

(vii) In preparation for ITER’s nuclear operation, nuclear
technology studies were advanced during the DTE3 cam-
paign (section 9), with two issues being addressed for
the first time in a tokamak environment under D-T oper-
ations, namely the activation of water in cooling loops
and single event effects on electronics [100, 103].

(viii) Several outstanding issues from the DTE2 campaign
were revisited in DTE3. These included the character-
isation of RF schemes [111, 114] (section 10.1), and the
impact of isotope mass on the L-H power threshold [120]
and on the heat and particle transport [47] (section 10.2).
The impact of the isotope mass on the formation of the
ITB in the JET hybrid scenario [57] was evaluated and
excluded. The JET baseline scenario [10, 30] achieved
a stationary pulse in D-T for the first time, shedding
light on the causes why this was previously not achieved
(section 10.3). Efforts to increase the stationarity of the
T-rich hybrid scenario [17] led to a further fusion energy
world record of 69 MJ (section 10.4).

Further to these objectives, real-time control schemes relev-
ant to D-T operations have been developed. In addition to the
real-time control of the X-point radiator position, developed
in D and also demonstrated in DTE3, the control of the
D-T plasma fuel mixture was successfully demonstrated in
DTE3 [126, 127]. As in DTE2, ‘dud’ detectors were used
to detect pulses that are not performing as well as expected
and to trigger an appropriate termination sequence, allowing
the efficient use of both the tritium and the neutron budgets
[128, 129].

The analysis of the wealth of data collected during the
recent JET experimental campaigns in D and D-T is under-
way. Interpretative modelling will address the open questions
and allow the comparison of D and D-T plasmas. In many
cases, the data will be used to validate the modelling codes.

Predictive modelling will then be used to extrapolate to ITER
and DEMO. These experiments offer a unique opportunity to
validate and refine the models that underpin ITER’s perform-
ance expectations, based on the physics understanding. JET
was shut down at the end of 2023, after 40 years of unique con-
tributions to fusion research [1]. The DTE3 campaign at JET
added to the valuable lessons learned from previous T and D-T
operations at JET, providing experience and understanding not
only for ITER and DEMO, but for any magnetic confinement
fusion device using D-T fuel.
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