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Abstract

, JET Contributors' and the EUROfusion Tokamak

®

CrossMark

During its 40 years of operations, the Joint European Torus (JET) tokamak has consistently
pushed the physics and engineering boundaries of fusion research, providing the scientific
community with a unique testing ground for theories and innovative ideas. This paper covers a
selection of remarkable contributions of JET to various fields of tokamak science, from
transport and plasma heating studies to plasma-wall interaction and D-T experiments, and their

impact on the fusion research progress.
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1. Introduction

At the beginning of the 1970s, the world economy was shaken
by an energy crisis driven by increasing oil prices. At the
same time, the major progress made during the previous dec-
ade in magnetic confinement fusion research, and specifically
in tokamak experiments, raised the appeal of nuclear fusion
for energy production and stimulated a significant interest in
building a generation of larger and more powerful experi-
ments, making major steps towards reactor conditions.

The Joint European Torus (JET) Joint Undertaking design
activities, starting in 1973, had the ambition of building a

! See Maggi et al 2024 (https://doi.org/10.1088/1741-4326/ad3e16) for JET
Contributors.

2 See Joffrin er al 2024 (https://doi.org/10.1088/1741-4326/ad2be4) for the
EUROfusion Tokamak Exploitation Team.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any fur-
ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOL.

device capable of studying plasmas in conditions and dimen-
sions approaching those of a reactor. This aim was articulated
into four main areas of study: plasma-wall interaction (PWI),
plasma heating, plasma behaviour as parameters approach the
reactor range and the study of alpha particles, the latter requir-
ing the experiment to operate with D-T mixture. To achieve
these key aims, the JET Joint Undertaking had, from its begin-
ning, several characteristics unique amongst the various fusion
ventures initiated in this period. First of all, the project was
set up as a European collaboration, rather than a national
experiment, thus allowing it to gather scientific, engineering,
industrial and financial resources from a wide pool, which
would have been impossible for any single European nation.
Secondly, the genius of the design team matched the ambitious
brief of the committers in producing a versatile design, much
larger and flexible than any other tokamak built or planned at
the time, equipped with the most powerful confining magnetic
field system conceived until then. In particular, the decision
to adopt a D-shaped poloidal cross section, instead of a more
conventional circular cross-section, not only enabled the use
of high toroidal field but, also, allowed the study of plasma
behaviour with increasing elongation and, as we will see later,
the exploration of plasma confinement in both material and
magnetic limiter conditions while maintaining a large plasma

© 2025 Crown copyright, UKAEA.
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volume. Lastly, the project was directly targeting reactor-
relevant fusion research by aiming to operate with a D-T fuel
mixture, then as now expected to be the fuel for the first gen-
eration of fusion power plants. Since D-T experiments were
expected to leave the machine structure significantly activated
and contaminated by tritium, the project included the ambition
to exploit Remote Handling for in-vessel maintenance.

It is, clearly, impossible to do justice to the wealth of
important results that JET has produced over the 40 years of
its operation in a relatively short paper. We will, instead, focus
on a selection of experimental studies addressing the four ori-
ginal aims, highlighting their unique contributions to progress-
ing fusion research and we shall examine how successful the
research in JET has been with respect to the original aim.

The paper is organized as follows: after a short section
on the timeline of JET, we will present selected results in
heat and particle confinement (section 3), PWI (section 4),
Disruption physics (section 5), Radio Frequency Heating
physics (section 6) and D-T fusion power experiments
(section 7).

2. The timeline of JET

Following the exploratory activities of the JET Working
Group, set-up in 1971, a design team for a new large size toka-
mak was formally established in 1973 and the main design for
the device was completed by 1975 [1].

The goal for JET was to ‘obtain and study a plasma in con-
ditions and dimensions approaching those needed in a thermo-
nuclear reactor’, and the studies to be carried out at JET were
expected to help defining the parameters, the size and the
working conditions of a Tokamak reactor [2]. The overarch-
ing aim was articulated into four main areas of work:

(i) the scaling of plasma behaviour as parameters approach
the reactor range
(i1) the PWI in these conditions
(iii) the study of plasma heating and
(iv) the study of alpha particle production, confinement and
consequent plasma heating.

To realize this ambition, the device was planned to have a
much larger size than any of the tokamaks operating at the
time, be equipped with high power additional heating and
suitably powerful magnetic fields, to ensure the generation of
high plasma current and the confinement of highly energetic
particles. The JET design differentiated itself from the toka-
mak panorama of the time not only with its size but, also,
with the choice of a D-shaped poloidal cross-section (figure 1).
The main engineering specifications in the original design and
those actually achieved in the subsequent 40 years are given
in table 1.

Around the same time two other large projects were in the
early stages of design: TFTR in the USA [3] and JT-60 in Japan
[4]. Together with JET, these experiments constituted the most
important step forward in Magnetic Confinement Fusion since

the demonstration of good confinement potential in tokamaks
in the early 1960s [5].

In 1977 the Culham site, in the UK, was selected for the JET
project and construction began. On 25 June 1983 the project
achieved the First Plasma milestone with a hydrogen 50 ms
pulse at plasma current of 19 kA. Longer pulses with plasma
current 2-3 MA were routinely obtained later in 1983 and the
design target of 4.8 MA current, in material limiter configura-
tion, was reached in 1985 [2].

Figure 2 shows the timeline of the most significant events
in JET history, and more details of the technical develop-
ment over the 40 years are given in [6], while an overview
of the early scientific output is given in [7, 8]. Two major
engineering upgrades are worth mentioning here. The first is
the installation in the 1992-94 shutdown of a pumped diver-
tor in the lower part of the vessel [9], following the discov-
ery at ASDEX of the H-mode high confinement regime in
magnetic limiter configurations [10] and promising experi-
ments in JET since 1986 [11]. Equipping JET with a versat-
ile divertor, with several different designs tested over the sub-
sequent years, gave scientists the unique opportunity to study
heat load, impurity and density control and exhaust in condi-
tions relevant to a Next Step fusion device. The second decis-
ive upgrade came in the 2009—11 shutdown: the full replace-
ment of the graphite plasma facing components (PFCs) with
an ITER-like Be/W First Wall [12] allowed a full scale assess-
ment of the capability of a metal wall to provide low hydro-
genic retention while remaining compatible with high per-
formance plasma regimes. The five D-T experimental cam-
paigns on JET were, thus, carried out in a variety of First Wall
conditions, from the preliminary tritium experiment (PTE)
in carbon wall without divertor, to the first DT campaign
(DTEL1) and trace-tritium with divertor CFC and to the second
(DTE2) and third (DTE3) campaigns with the metal wall
(figure 2).

After 40 successful years 105 929 pulses carried out, JET
tokamak operations ended in December 2023 and the pro-
ject entered its decommissioning phase. The decommission-
ing at the end of the 1990s of the only other DT tokamak,
TFTR in Princeton, did not exploit all the opportunities to
gather precious engineering knowledge. The decommission-
ing of JET thus offers a major chance to provide insight
on the impact of years of plasma operations, including sev-
eral DT campaigns, on its components and, especially, its
First Wall materials [13]. Presently, the JET Decommissioning
and Repurposing Programme is in a transition period, from
the end of JET science operations into the actual decommis-
sioning activities, and the detailed decommissioning plan is
being prepared. The high level aims of the programme are to
ensure that lessons can be learnt efficiently from JET decom-
missioning, for example by proving new technologies and
building the skills required for future Fusion Power Plants,
while learning how to minimize waste and maximize tri-
tium recovery. The post-operation JET activities are starting
with in-situ de-tritiation tests, to be followed by removal of
First Wall components to be subjected to in-depth material
analysis.
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Figure 1. Size and magnetic fields of the JET tokamak compared with the devices operating at the time of JET design. Reproduced with

permission from [1].

3. Heat and particle confinement

At the time of the JET design activities, although the toka-
mak had already demonstrated promising heat and particle
transport characteristics, there were still major questions on
the scaling of the behaviour to reactor conditions and on the
nature and impact of ‘anomalous’ transport effects. Not only
there were uncertainties on the transport mechanisms, but most
of the data were collected in conditions dominated by ohmic
heating. Since this would be negligible at the high temperat-
ure of a reactor, progress to reactor-relevant conditions would
need exploitation, and characterization, of externally supplied
additional heating.

As stated in the final design report [1], ‘the fundamental
aim of JET is to produce a large plasma which will represent
a significant stage in research towards a reactor, with a view
to testing the confinement principles of a Tokamak’ and, more
specifically, to ‘answer the question of the losses which govern
the plasma energy balance’.

Operating a device of such a large size was expected to
bring advancements in several plasma properties, thought to
be potentially very important to make significant progress
towards reactor conditions. First of all, the large size accom-
panied by a powerful transformer primary and a relatively high
toroidal field would allow the new device to achieve very high
values of plasma current, of several MA, which did represent
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Table 1. JET main technical specifications.

Design Achieved
Minor/major radius 1.25/2.96 m
Toroidal field 345T 4T
Plasma current (limiter) 3.8 (4.8) MA 7MA
Plasma current (X-point) 6 MA
Flat top duration 10s (20 s) 60s
Main fuel H/DIT H/D/T/He
NBI heating 15 MW 34 MW
ICRF heating (25-56 MHz) 9-12 MW 22 MW
LHCD (3.45 GHz) ~6 MW
Combined heating ~37 MW
Pellet injection Pacing and fuelling
Disruption mitigation Massive gas injection
(MGI) shattered pellet
injection (SPI)
Diagnostics systems ~30 ~ 90

up to a factor 10 with respect to any then existing tokamak. In
turn, the combination of high current and size was expected to
lead to an increase in heat and particle confinement.

We have anticipated in section 2 how the discovery of
the H-mode improved confinement regime stimulated a sig-
nificant change in the type of magnetic equilibria used for
tokamak experiments. Since the presence of a poloidal field
null (X-point), in the so-called ‘magnetic limiter’ configura-
tion, was clearly identified as one of the main contributing
factors to achieve H-mode, devices strived to operate in this
magnetic configuration instead of with a ‘material limiter’
plasma. While JET began its operations and carried out con-
finement studies in material limiter configurations, with signi-
ficant additional heating and up to 5 MA [2, 14], it soon star-
ted experiments with both single-null and double-null X-point
equilibria, supported by an upgrade of the central solenoid.
Eventually, with the design and installation of in-vessel coils
and a lower divertor structure in 1992-94 [9], JET was fully
equipped for H-mode confinement studies while maintaining
a large volume and high current capability.

The development of engineering scaling laws, to extrapol-
ate from present experiments to future machine, is one area
where JET has made a unique contribution to H-mode con-
finement studies. The JET data has been essential to extend the
plasma parameter range beyond what is possible in small/me-
dium size tokamaks and, particularly, towards the expected
conditions in ITER. As an example (figure 3), JET has been
the device providing the data at highest thermal confinement
time in type I ELMy H-mode for the formulation of the com-
monly used ITER98 scaling expression for the thermal con-
finement time [15]. The scaling laws for L-mode and H-mode,
together with the accompanying global transport studies, have
confirmed the assumptions that energy confinement scales
strongly with plasma size and plasma current. For instance, the
thermal energy confinement time in the ITER98(p,2) expres-
sion depends almost linearly on plasma current and almost
quadratically on major radius, see equation (20) in [15].
Engineering scaling laws have, also, highlighted the import-
ance of plasma vertical elongation in achieving higher thermal

energy confinement times, thus validating the design choice
of a non-circular cross section for JET. At the same time,
it is important to note that JET data have also emphasized
the limits of describing the plasma physics behaviour via the
engineering scaling laws in certain reactor-relevant conditions.
A recent, and significant, example is the weaker than in the
ITEROS scaling degradation of the energy confinement with
input power found in high beta Hybrid H-mode ITER-like
Wall (ILW) scenarios, pointing to the influence of core pres-
sure peaking at high power and the interplay between core and
H-mode pedestal behaviour [16]. Theoretical analysis, based
on linear and non-linear gyrokinetic modelling and linear mag-
netohydrodynamic (MHD), of confinement in these Hybrid H-
mode conditions has revealed a clear impact of fast ion popu-
lation on core microturbulence [17] and suggested how similar
mechanisms could play a major role in next generation toka-
mak devices.

JET has, also, supplied data in a unique parameter range
for studies of scaling laws based on dimensionless quantit-
ies. The use of dimensionless parameters is a convenient way
to describe a complex system where a rigorous mathemat-
ical description does not exist and, in tokamak research, it
is adopted to identify dominant transport mechanisms and
extrapolate from present to future devices. JET has generally
provided, simultaneously, the closest values of the dimension-
less parameters commonly used to describe global confine-
ment, namely normalized Larmor radius p* (figure 4), norm-
alised beta On and normalized collisionality v*. In this area
of confinement research JET data have been extensively used
both in international databases and in dedicated identity exper-
iments to validate theoretical assertions against experimental
observations, and advance the predictive modelling capabil-
ities which are essential in preparing for the next generation
of fusion devices [18, 19]. One example is the comparative
study of density peaking in JET and ASDEX Upgrade; this
analysis clearly showed that collisionality is the most relevant
parameter in determining the behaviour and suggested what
this could mean for obtaining more peaked density profile in
ITER [20].
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JET Timeline

June 1983 First Plasma
1985 4.2MA design target
1986 X-point and first H-mode
1991  Be limiter and X-point target]
1991 | Preliminary Tritium Exp. |
1992 TF Ripple experiments
1992-94 In-vessel coils and divertor
1994-2009 | CFC wall & divertor studies |
1997 DTE1 ]
2003 Trace Tritium Exp. |
2009/11 Be/W metal wall |
2018 Shattered Pellet Injector
2020/21 (100% Tritium and DTE2 |
2022 JET pulse 100k
2023

> 2024 JET Decommissioning
and Repurposing activities

Figure 2. Timeline of the most significant events in the history of JET.

Another important area for extrapolation to future D-T
devices, is the study of how the plasma behaviour changes
with varying types of fuels. Thanks to its unique capability
to operate at high additional heating power in a large variety

of plasma fuels, including D-T, JET has been able to explore
tokamak physics in several regimes, from L-mode to differ-
ent flavours of H-mode, in various mixtures of hydrogen, deu-
terium, helium and tritium in both Carbon and metal wall
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environment. JET has, thus, made exceptional contributions
to studies of H-mode power threshold [21-23] as well as help-
ing to disentangle heat and particle transport scaling with ion
species [24, 25]. One example of unique results is the recent
finding, in the DTE2 campaign, of clear coupling of core and

edge ordering by isotope mass (figure 5), originating from the
pedestal and proving once more that core and edge cannot be
treated independently [26]. The wealth of experimental data
has been accompanied by extensive theoretical and numerical
studies, which have greatly helped steering the recent JET D-T
experiments, understanding their results and looking ahead to
what the implications could be for predicting the behaviour in
ITER [27].

The JET results represent an extremely challenging, and
directly reactor-relevant, database to validate transport mod-
elling and contribute to the considerable progress in numer-
ical predictive capabilities. In addition to the studies already
quoted above, there have been many experiments dedicated to
exploring the fundamental nature of transport in the unique
JET conditions. For example, a specific line of investigation
looked at the background and the threshold for the observed
Ion Temperature stiffness, yielding valuable data for compar-
ison with linear and non-linear gyrokinetic codes predictions
[28, 29] and advancing the understanding of the role of rota-
tional shear and current profile in achieving advanced confine-
ment conditions in future tokamaks.

It is important to stress how the basis for achieving such
a wide and unique range of parameters has been the extens-
ive effort in scenario development at JET. From the early days
of exploration of the H-mode, both as transient ELM-free and
steady ELMy [14], to the development of high performance
Hybrid [30] and Advanced scenarios, via injection of pellets
[31] or exploitation of Lower Hybrid for current profile tail-
oring to study confinement with Internal Transport Barriers
[32], and to the exploration of ELM-free H-mode in the metal
wall environment, JET has covered all the scenarios that now
form the foundation of the preparation of the next generation
of fusion devices. Through the last 40 years, new theories or
numerical modelling tools had to be validated to this dataset
to be considered as providing a significant input in our plasma
understanding and predictive capability. We expect modelling
and theory validation activities to rely on the JET database
well after the end of JET tokamak operations, to help answer-
ing critical questions and preparing for the next generation of
fusion experiments.

4. PWI

The study of PWI when approaching reactor conditions was
one of the original main objectives of JET. Over its 40 years
of experiments JET has continuously evolved its vessel con-
figuration and its PFCs, exploring the most relevant materials
considered for next generation of fusion devices, on the way
to reactor designs.

At the start of its plasma exploitation, JET was equipped
with a simple Inconel First Wall; the data quickly showed
how the high-Z metal wall was negatively impacting plasma
performance and, between 1983 and 1988, the first wall was
progressively covered by graphite (CFC) components on the
innerwall, poloidal limiters and in the X-point target areas at
the top and bottom of the vessel. The CFC First Wall, together
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with use of Light Carbonization, was essential in obtaining
good confinement plasma conditions, both in material and
magnetic limiter configurations [33]. High energy transients
and large ELMs were, however, found to cause large, per-
formance degrading Carbon influxes, the so-called ‘carbon-
bloom’ events. In the next evolution of the JET First Wall,
toroidal belt limiters were installed and, following promising
tests with beryllium evaporation, beryllium tiles replaced CFC
in one of the toroidal belt limiter and one the X-point targets
[34]. Importantly, the use of Remote Handling to carry out
the installation of the beryllium components in 1990, for the
first time in a magnetic confinement experiments, constituted
a major milestone in fusion engineering and demonstrated the
soundness of the original JET plans.

Even though operation with the beryllium PFCs showed a
major reduction in the levels of low-Z impurities, oxygen and
carbon, and an improvement in the density control in H-mode,
the stable duration of the H-mode continued to remain severely
limited by the poor power handling capabilities of the X-point
targets [14]. In 1991 the decision was, thus, taken to install a
pumped divertor in the lower part of the vessel, with in-vessel
poloidal field coils, a divertor support structure and a toroidal
cryopump [9]. In the following years, several divertor concepts
were extensively studied, not only for their power handling
and specific divertor physics characteristics but, also, for their
compatibility with good core confinement [14, 35, 36]. While
most of the PWI studies carried out in this period were not
exclusive to JET, what was absolutely unique was the exten-
sion of these to D-T conditions. As an example, one of the
main results of the DTE1 experiments was the confirmation of
high hydrogenic fuel retention with carbon PFCs in all condi-
tions, from L-mode to H-mode [37].

The need to firm up the basis for plasma components in
the next generation of fusion devices, including ITER, promp-
ted the decision to install a metal wall at JET [12]. The
Components were chosen as a mixture of beryllium/Be-coated

@ 1022 T T T T T
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Figure 6. Long-term fuel retention rates in the JET-ILW, measured
by global gas balance, and compared with equivalent conditions in
carbon wall. Reproduced with permission from [39].

CC BY-NC-ND 3.0.

Inconel in the main chamber, solid tungsten and W-coated
CFC in the divertor and high heat flux areas of the main
chamber [38]. This was the combination chosen in the ITER
design at the time, to be tested on JET as a risk mitigation
approach. The so-called ILW, installed almost entirely via
Remote Handling in a very demanding 18 months shutdown,
was ready for exploitation in the summer of 2011. Over the
next few years, the experimental results proved a significant
reduction of long term hydrogenic fuel retention in all operat-
ing scenarios, figure 6 [39]. The experience of starting opera-
tions on a large metal device like JET, combined with the good
news of lower retention and the data acquired in medium size
devices [40], was crucial to inform the decision of ITER to
install directly a metal wall, rather than using CFC compon-
ents for their first non-active campaigns.
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The combination of ILW and the unique capability to oper-
ate with tritium offered the opportunity to assess experiment-
ally the influence of plasma isotope on the PWI in metal
wall environment. As an example, the dependence of Be and
W sputtering yields from isotope mass on sputtering and
erosion has been measured in helium and hydrogenic plasmas
(figure 7), from hydrogen to tritium [41, 42]. Ohmic L-mode
experiments in material limiter configuration have clearly
shown how the beryllium erosion yield increases with isotope
mass. In another set of experiments, the W erosion in the diver-
tor region was investigated in ELMy H-mode conditions [39].
The gross W erosion, which is due to impinging hydrogenic
and light-Z impurities ions and is caused by both inter-ELM
and intra-ELM sputtering, has also been shown to increase
with isotope mass [43]. In the extreme case of 100% tritium
H-modes the combination of low ELM frequency, stronger
beryllium erosion and higher sputtering due to the high mass
tritium results in much higher W sputtering than in deuterium.
The consequence is a major difficulty in controlling the high-
Z impurity in the plasma, unless a very large flow of gas is
applied which, in turn, reduces the H-mode quality and the
plasma performance.

Overall, the PWI in the ILW environment had a major
impact on the confined plasma behaviour. Much of the JET
campaign time from 2011 was dedicated to understanding
and controlling the effect of high-Z impurities on core and
edge plasma, developing integrated high performance scen-
arios and, eventually, carrying out further D-T experiments
[44-46]. As an example, the scenario development focussed
on the use of neutral gas and pellet ELM pacing to control the

ELM activity, as well as the exploitation of core Ion Cyclotron
Resonance Heating to control the high-Z impurity transport
[47]. In addition, the development of a high pedestal temperat-
ure in the Hybrid H-mode allowed for the first time the demon-
stration of impurity screening via neoclassical effects in the
H-mode pedestal [48], which is expected to be dominant in
controlling the impurities in ELM-mitigated ITER scenarios.
Over the years, campaigns exploring plasma behaviour
with different isotopes also offered the opportunity to investig-
ate methods for removal of hydrogenic species, tritium in par-
ticular, from the PFCs and provide key information to ITER on
fuel removal. Several techniques, from baking of the vessel to
320 C, to glow discharge cleaning and exploitation of the ICRF
system for ion cyclotron wall conditioning, were explored,
initially in hydrogen and deuterium conditions. They were,
then, applied after the DTE2 and DTE3 campaigns, together
with high power plasma pulses on specific, high fuel reten-
tion regions of the divertor to successfully reduce the plasma
tritium content to very low levels in a relatively short period,
thus allowing recovery of the retained tritium, and resump-
tion of deuterium experiments without excessive production
of 14 MeV neutrons and activation in the Torus Hall [49]. In
the last year of JET operations, a new system was also installed
to carry out laser-induced desorption coupled with quadrupole
mass spectrometry (LID-QMS) to investigate hydrogenic spe-
cies, and in particular tritium, desorption in real tokamak con-
ditions. The LID-QMS system has been exploited for the first
demonstration of in situ, space-resolved measurements of fuel
retention, including tritium during and after DTE3 [50].

5. Disruption physics and runaway electron (RE)
generation studies

Disruptions, a rapid and catastrophic loss of magnetic and
thermal confinement, are an inherent property of tokamak
plasmas [51]. The consequences of disruption transients can
be diverse: electromagnetic loads on the vessel systems, loc-
alized heat loads on the PFCs and the likelihood to gener-
ate confined beams of energetic electrons for which the elec-
tric field acceleration prevails over collisions, the so-called
REs. Disruptions constitute a major risk for a future tokamak-
based fusion power plant and are one of the highest prior-
ity research areas in present devices. As the tokamak reach-
ing the highest values of both magnetic and stored thermal
energy, disruptions physics studies have always been at the
core of the JET research plan. Unlike in small and medium
size tokamak devices, where disruptions are not always con-
sidered as a problem, optimising the scenarios to minimize
the likelihood of un-intentional disruptions, and their impact if
unavoidable, together with effective real-time Event Detection
and Exception Handling have always been a major concern
in planning and executing JET experiments, foreshadowing
closely how the next generation of tokamaks will have to
operate.

The high risks for the integrity of the device, not always
adequately predicted by the limited theories at the time, were
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observed experimentally from the very start of the exploitation
of JET. As early as 1983/84, the insufficient vertical stabiliz-
ation in elongated equilibria gave rise to a particularly dan-
gerous class of disruptions, the vertical displacement event,
in which vertical position control is lost at full plasma cur-
rent and thermal energy. The electro-magnetic (EM) forces in
these cases are larger than in other kinds of disruptions: one
of such events, at relatively modest plasma current, generated
forces of ~250 tonnes [52]. The engineering analysis of such
event predicted that an equivalent disruption at plasma cur-
rent of 4.8 MA would have generated forces above 800 tonnes
and could have caused irreparable damage to the vessel com-
ponents. A subsequent upgrade of the real-time vertical con-
trol system, together with the installation of robust mechanical
supports, allowed the full exploitation of the device to con-
tinue safely up to currents of 7 MA and, later, to cope with
the increased demands of elongated single and double-null X-
point configurations up to 6 MA. The combination of careful
machine engineering and rigorous machine protection, encap-
sulated in a series of clear Operating Instruction defining the
permitted operational parameter space, allowed the machine to
be operated safely for high priority experiments even in con-
ditions where disruptions of EM forces up to 500 tonnes could
cause vessel rolling movement up to 5 mm (figure 8).

The installation of the ILW brought new challenges in the
area of disruptions. From the start of ILW plasma operations,
in 2011, the frequency of non-intentional disruption rose from
around 3% up to 10%—15%. While part of this increase could
be attributed to the need to re-learn to operate in what was,

essentially, almost a new machine, some of the causes of dis-
ruptions were inherent in the high-Z metal wall environment
and became a persistent feature of the last years of JET [53].
Not only disruptions became more frequent, but their impact
on machine integrity was more problematic. With ILW, in the
absence of an intrinsic low-Z impurity like carbon, the natural
radiation level in un-mitigated disruption is reduced. A first
consequence is that the localised thermal heat loads on the wall
are higher and so is the risk of melting the fragile beryllium
main chamber PFCs. Additionally, the lower radiation causes
a substantially slower current quench: while this is beneficial
to reduce the induced eddy currents in the vessel and the tran-
sient electric fields, the latter decreasing the likelihood of RE
generations, it does increase significantly the duration of halo
currents and the resulting EM forces [54].

Safe operation with the ILW, therefore, required the imple-
mentation of increasingly sophisticated real-time algorithms
to detect incoming disruptions [55], coupled with the use of
active, real-time triggered mitigation via massive gas injec-
tion (MGI). The JET disruption database, also, became the
most challenging test ground for the development of real-time
algorithms for disruption prediction and avoidance, in par-
ticular exploiting the opportunities offered by novel Machine
Learning approaches [56]. Once more, with its machine pro-
tection and disruption management features, JET anticipated
and provided a realistic testbed for some of the crucial aspects
of operation in the next generation of large fusion experiments.

In 2018/19 the installation of a shattered pellet injector
(SPI), in collaboration with the ITER Organization and the
Oak Ridge National Laboratory and in direct support of ITER
design activities, was another crucial moment proving the
unique role of JET as the closest test ground for trials of
disruption mitigation methods to prepare the next generation
of fusion devices [57]. The new SPI system, although not
used for real-time machine protection, has provided unpre-
cedented data to advance the understanding of SPI plasma
shutdown [58].

The physics of high current REs generation and control is
one area where the JET SPI experiments have explored new,
exciting, and promising routes for avoidance and mitigation
of RE beams. It is important to note, before we go into more
details on the results, that RE are not usually generated in the
JET disruption: special scenarios, thus, had to be developed to
ensure reliable and reproducible RE production. The risks of
the damage brought by RE impact upon the ILW wall, both
on the W and Be components, were also managed very care-
fully to balance the high scientific interest of the SPI experi-
ments with the rest of the programme, including the unique D-
T campaigns. On the other hand, the significant melting dam-
age observed on impact of high current Runaway Beams on
First Wall [59], in conditions which can only be achieved at
JET, emphasizes the importance of developing effective RE
mitigation methods in view of ensuring successful machine
and investment protection in ITER and the next generation of
high current tokamak experiments.

The dedicated JET experiments have demonstrated how
effective SPI can be in avoiding RE generation while still mit-
igating the impact of heat loads and forces, for example if SPI
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Figure 9. ‘Benign’ termination, thanks to injection of deuterium
shattered pellet, of a runaway electron beam.

is injected early enough in the disruption phase and/or if it con-
tains enough deuterium [60]. In addition, and similarly to MGI
observations, it was confirmed that using high-Z materials in
SPI is not effective in suppressing a fully-formed RE beam
without causing localised heat loads on the PFCs. One of the
more surprising, and promising, discovery was the achieve-
ment of benign termination of RE beams in cases of injection
of pure deuterium SPI (figure 9) [60]. This effect is thought to
be caused by a large MHD instability together with the absence
of RE re-generation in the clean companion plasma. Although
the study of this very promising benign termination scenario
is still in its early stages, and the extrapolation to the next gen-
eration of fusion devices is an open question, the discovery of
this effect demonstrates once more the importance of experi-
mental investigations in JET, the tokamak that has so far the
closest conditions to those future devices.

6. Physics of radio frequency heating and current
drive

As we have seen, two of the main objectives of JET were the
study of fast particles, and in particular of the fusion alpha
population, and of plasma heating. The evolution of the heat-
ing systems is described in more details in [6, 61] and ref-
erences therein, from the modest power at the start of JET
to the diverse, multi-megawatt systems in the ILW phase. It
is important to stress that not all systems reached their max-
imum power capability in the same time window, which is
why the sum of the individual power in table 1 is higher than
the actual combined heating power. In addition, for the Radio
Frequency and Microwave systems the coupled power can be
significantly less than the generator output, especially in H-
mode conditions.

A2 antenna spectra (plasma at d = 0.1m)
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Figure 10. Heating and current drive power spectra for JET A2
ICRF antenna system at 42 MHz Jplal® represents the power density
for given plasma-antenna distance and SOL conditions. The spectra
are normalised to produce the same total power for all cases, while
kil is the wave number parallel to the magnetic field. Reproduced
from [62]. © IOP Publishing Ltd All rights reserved.

In this section we will focus on studies of ICRF Heating and
Current drive, which have provided over the years a wealth of
new and unique results, advancing our understanding not only
on plasma heating but also on heat transport and fast particle
physics.

The JET ICRF system was designed not only to be power-
ful, as befitting such a large machine, but also extremely ver-
satile. Several antenna designs were tested, culminating in the
so-called A2 system, powered by up to 32 MW of generator
power and operated at frequencies from 25 MHz to 56 MHz.
The wide frequency range allowed ICRF heating, at funda-
mental and harmonics of the Ion Cyclotron frequency, at all
values of Toroidal Field used for JET experiments and on a
variety of resonant species, including tritium for D-T condi-
tions. The spatial localisation of the ICRF power deposition
can be tailored by changing the wave frequency and also to
some extent by the phasing of the antennas. Phasing between
the antenna straps can, also, be changed to obtain different
wave spectra and explore both heating and current drive phys-
ics (figure 10).

Over the years, ICRF heating has been one of the pillars
of the JET research activities. The applications, as summar-
ized for example in [61], varied from contributions to core
and reactor-relevant H-mode confinement studies, to invest-
igation of the impact of energetic particles on core plasma
confinement [63] and to exploration of impact of RF fields
on Scrape-Off Layer and impurity production. Lately, in the
ILW environment, the core power deposition provided by the
ICRF system has been essential in regulating the transport
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of high-Z impurities and allow the achievement of high
performance [47].

One of the more original, and unique, applications of the
JET ICRF system was the demonstration of local current drive
effects on sawtooth activity. Phasing the ICRF antenna array
to produce a toroidally asymmetric k// spectrum can gen-
erate non-inductive currents, by interaction with either bulk
electrons or a resonant ion population [64]. As theoretic-
ally predicted, for example in [65], if the resonance is loc-
ated close to the location of the ¢ = 1 surface, the minor-
ity Ton Cyclotron Current Drive would change the shear at
this surface, hence potentially modifying the sawtooth activ-
ity. Dedicated experiments [66] showed very clear effects on
the sawtooth activity when different wave spectra were used,
driving either co- or counter-current locally around the g = 1
surface (figure 11). These results confirmed the significant pro-
gress and increasing maturity of our understanding of ICRF
physics and fast particle effects, the latter particularly import-
ant for looking ahead to reactor conditions with heating dom-
inated by fast alpha particles.

It is, however, in the area of heating of D-T plasmas that the
flexibility of the ICRF system has provided the most ground-
breaking results. As we have seen, the system was designed
to make possible the assessment of heating scenarios relevant
for next generation of D-T devices, in particular with reson-
ances at harmonics of tritium or fundamental minority of He3.
From the early DTE1 campaign in 1997, significant exper-
imental time was dedicated to these unique RF studies, for
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Figure 12. Main parameters of the *He minority ICRH discharge
which generated central ion temperatures up to 13 keV. This plasma
had 10% *He concentration, Ip=33MAand BT =3.7T.
Reproduced courtesy of IAEA. Figure from [67]. Copyright (1999)
TIAEA.

example demonstrating the potential for bulk ion heating by
ICREF alone, using a (He3)DT scheme (figure 12) and giving a
first experimental proof of the feasibility of deuterium minor-
ity heating [67] in ICRH only conditions. This latter heating
scenario was further optimized, via accurate predictive mod-
elling, and successfully exploited in high performance DTE2
and DTE3 experiments to accelerate the injected deuterium
beam ions and significantly increase the non-thermal fusion
power, resulting in record D-T fusion power and energy [68].
Second harmonic heating of tritium, which is ITER reference
ICRF heating scheme in D-T plasmas at full field, was suc-
cessfully integrated in JET high-performance plasma in DTE2
[69]. Another novel application of ICRF to D-T plasmas, tar-
geting bulk ion heating in reactor grade plasma conditions, is
the so-called 3-ion heating scheme, exploiting the presence of
intrinsic or seeded low-Z impurities in a mixed-ion plasma.
After demonstrating the feasibility of this heating scenario in
non-active conditions [70], the scenario was successfully por-
ted to D-T plasmas [71].

The powerful and versatile ICRF system has, over the years
and across the major changes in the environment of the JET
device, provided major contributions to the original project
objectives and demonstrated its versatility for reactor relev-
ant applications, for example proving its applicability as an
effective tool for wall conditioning and de-tritiation in [49],
which is very promising for ITER and similar devices.
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7. D-T fusion power studies

Fusion research in JET was firmly aimed, from the very begin-
ning, at exploring conditions approaching those expected in a
thermonuclear reactor, including actual experiments with D-T
fuel mixture.

After less than 10 years of plasma operations, the first D-T
experiments were carried out. The 1991 PTE, although limited
in scope and in fusion power, was a major landmark in fusion
research, the first time that fusion power had been generated
by controlled thermonuclear reactions for peaceful purposes.
In two short high power pulses (figure 13), with tritium con-
centration ~10%, fusion power in excess of 1.5 MW was pro-
duced transiently [72]. The data from these pulses was essen-
tial in starting to build a more realistic physics picture of D-T
plasmas and prepare for the subsequent, more extensive D-T
campaigns. As importantly, the experience gained by safely
operating with tritium was essential in giving confidence in
the processes, the staff training and the technology adopted
for safe tritium handling at JET.

The next set of D-T experiments, the DTEI campaign in
1997, had a much wider and ambitious physics programme,
covering fusion power production in both transient and steady-
state H-mode scenarios, as well as investigating isotope effects
on transport and PWI and, as we discussed in section 6, an
extensive exploration of the physics of ICRF heating in D-T.
Just before this set of experiments took place, a D-T campaign
was carried out on the TFTR tokamak [73]: the combination
of friendly competition and strong collaboration between the
JET and TFTR teams was a distinctive feature of this period in

tokamak research, contributing to the exceptional success of
both experiments. The DTEI experiments, achieving record
fusion power (figure 13) both transiently [74] and in steady
ELMy H-mode [75] and highlighting the importance of iso-
tope effects in all the regimes explored, were a major step for-
ward in fusion research and increased significantly the confid-
ence in the plans for the next generation of tokamak devices,
and in particular ITER.

A further, short trace tritium campaign took place in 2003
with experiments focussed on investigating tritium particle
transport via perturbative measurements. The main output
was a confirmation that tritium diffusion is well above neo-
classical levels in all regimes and the observation that plasma
core behaviour as function of local physics parameters is best
described by gyro-Bohm scaling with an additional inverse
beta dependence [76].

As discussed in section 4, one of the main outcomes of the
D-T experiments carried out in Carbon wall environment, both
in TFTR and in JET, was the significant retention of tritium
in the PFCs [37, 77]. These observations lead to the decision
to abandon carbon as First Wall material for the active phase
of ITER and gave additional impetus to the search for altern-
ative PFC materials, resulting in the installation of the ILW
at JET. In parallel to the ILW installation, plans for a further
D-T campaign were initiated, with a much greater scope than
DTE1, a major upgrade of the Neutral Beam Heating system
and a much expanded set of diagnostics. A complementary
full power campaign of 100% tritium experiments was, also,
planned to further extend the range of isotope studies.

In addition to studies of tritium retention in metal wall con-
ditions, the 2021 DTE2 campaign had ambitious objectives for
fusion power and energy production, aiming at improving on
the DTEI output in steady H-mode conditions, as well as con-
tinuing the exploration of isotope physics, alpha heating and
ICRF heating schemes, exploiting the new, upgraded set of
core and pedestal diagnostics. We will only highlight, in the
following, a few results from DTE2 and a more complete over-
view can be found in [42] and references therein.

The characterization of the confinement properties of the
alpha particles born in the D-T fusion reactions is critical to
confirm the efficiency of heating by alpha particles, the dom-
inant heating source in a reactor. High energy alpha particles,
for example, are expected to be resonant with Alfvén waves,
which could lead to increased transport and redistribution, or
even significant losses, of the fast alpha population. In previ-
ous D-T experiments, in TFTR [78] and JET [79], some evid-
ence for alpha particle effects had been detected, and the alpha
physics studies were revamped in the last D-T campaigns,
taking advantage of significant improvements in diagnostics
[80]. A high fusion power scenario, the so-called afterglow
originally developed at TFTR, was exploited to minimize, by
choice of the heating power mix and careful timing of the
additional power pulse, the competing effects due to other
fast ion populations. Modes were clearly observed, in D-
T pulses and not in the reference pulses in deuterium, on
several diagnostics systems after the NBI was switched off
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deuterium, #100793 in red, together with the fusion power trace and
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the D-T pulse.

(figure 14); modelling strongly supports the interpretation that
these are Toroidal Alfvén (TAE) modes destabilized by the
alpha particle population [81]. In the afterglow phase, cor-
relating with the TAE activity, losses of core 3.5 MeV alpha
particles were also clearly observed with the new fast ion
loss detector (FILD) and Faraday cups diagnostics. FILD,
in particular, has provided an impressive wealth of radially
and energy resolved alpha particle measurements related to
MHD activity like fishbones and ELMs [82]. The elusive bulk
electron heating by slowing down alpha particles was also
detected both in the afterglow experiments and by analysing
the electron temperature response to dedicated fusion power
modulation [83].

The experiments to push the production of high fusion
power to more steady conditions, with duration limited by the
JET copper Toroidal Field coils capabilities, were carried out
in several scenarios, including Baseline, Hybrid and Impurity
Seeded H-modes (figure 13). The preparation for the DTE2
high fusion power studies was based on the extensive explor-
ation and optimization in ILW of various high confinement
scenarios in deuterium, crucially accompanied by an unpre-
cedented predictive modelling effort with advanced transport
models [84]. Over several years prior to DTE2, the continuous
interplay between experiments and modelling was essential in
developing high confinement and performance plasma condi-
tions, while promoting a deeper understanding of the plasma
physics underlying the results. The success of the latest JET
D-T campaigns lies as much in the demonstrated capabilities
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Figure 15. Comparison of D-T fusion power achieved in DTE2 in
the baseline scenario at 3.5 MA (gold stars) with predictive
modelling based on extrapolations from D plasmas at Sx ~ 1.8
(blue squares) using JETTO-Qualikiz within the JINTRAC
workflow. Reproduced from [42]. © 2024 The Author(s). Published
by IOP Publishing Ltd on behalf of the IAEA. CC BY 4.0.

of the core confinement predictions as in the achievement of
record fusion energy (figure 15).

One last D-T campaign followed in 2023. DTE3 focussed
on studies of impurity seeded H-mode, highly radiative scen-
arios and small or no-ELMs regimes, as well as exploring
real-time control schemes relevant for D-T operations [85]. It
is interesting to note that, although the DTE3 campaign was
shorter than DTE2, it delivered a higher number of plasma
pulses for the scientific programme: this was due to an extens-
ive activity of optimizing the operational processes and the
experimental conditions on the basis of the recent DTE?2 exper-
ience. The later D-T campaigns do constitute a significant pro-
gress in producing, and understanding, high performance con-
ditions in steady conditions, over 15-20 thermal confinement
times, and in a more reactor-relevant metal wall environment
(figure 13).

Together with plasma physics experiments, and the PWI
aspects discussed in section 4, the JET D-T campaigns were
also a unique opportunity for neutronics studies in prepara-
tion for the next generation of fusion devices and, eventually,
the fusion power plants [86]. The fusion power measurements
were underpinned by an accurate in-vessel calibration of the
14 MeV neutron diagnostics, carried out before DTE2 [87].
Later, during the D-T campaigns, the neutron induced activ-
ation and damage in ITER functional materials was studied
by exposing relevant samples to significant neutron fluxes.
In addition, two novel neutronics experiments were carried
out in DTE3: the first explored the activation of water in the
Neutral Beam cooling loop, providing a realistic testbed for the
assumptions and modelling tools used for ITER predictions.


https://creativecommons.org/licenses/by/4.0/

Plasma Phys. Control. Fusion 67 (2025) 033001

Topical Review

100

Inaccessible
region

10

Reactor—releva
conditions

0.14

Fusion product, ntg. T; (x102° m—3 s.keV)

0.01+4

Year

71997

0.1 1

)T=0.1
DT 1983: start
of the JET
________ Operations
|
>
Ti>Te —1980
®TEXTOR
oPLT
1973: start
_________ of JET
Design
|
—1970
@ deuterium
@ D-T(JET DTE1 and TFTR - transient)
@ JET DTE1 (steady)
@ JET DTE2 (steady)
, N 1965
10 100

Central lon temperature Tj (keV)

Figure 16. Progress in the Lawson parameter n7g7; over the last 40 years of tokamak research. The values are extrapolated from deuterium
pulses, apart from where indicated for JET and TFTR results. Adapted from figure 26 of. Reprinted from [8], Copyright (1999), with

permission from Elsevier.

A second experiment, in collaboration with CERN, looked at
realistic neutron irradiation effects on electronic components
to contribute to qualification of electronics in future fusion
power plants.

Progress towards conditions for more efficient fusion
energy production is measured, in controlled thermonuclear
fusion, by the so-called Lawson parameter nTg7; [88]. The
results of JET, together with the two other large tokamaks
TFTR and JT-60/JT-60U [89], have been fundamental in real-
izing significant progress in the Lawson parameter (figure 16).
Importantly, the contribution of JET [90, 91] and TFTR [73]
has been in D-T conditions, and not only in extrapolation
from deuterium plasmas. Additionally, the crucial signific-
ance of latest JET D-T campaigns lies in the achievement
of fusion energy records in steady conditions, over several
thermal energy confinement times and in a metal wall environ-
ment. Building on the experience of the early JET and TFTR
experiments, the DTE2 and DTE3 campaigns have brought the
experiments as close as possible to reactor conditions, demon-
strating the massive growth in the maturity of physics and tech-
nology underpinning fusion energy research.

Now, at the end of JET experiments, we can ask ourselves
how the results, particularly in D-T conditions, compare to
the stated aims of the project. In the original Design Report
[1], the target for plasma performance was deliberately non-
quantitative, as the authors acknowledged that ‘The main
reason for the JET experiment is to discover how plasma para-
meters scale, as the current and physical dimensions increase

from present day experiments. It follows that it is not pos-
sible to give reliable estimates for the parameters that will
be obtained’. Based on the theories and scaling laws avail-
able at the time, the expected plasma parameters in JET
covered a region between 3 keV and 10 keV in ion temper-
ature and extending for more than orders of magnitude in the
Lawson parameter. While the most optimistic extrapolations
did, indeed, suggest that JET could achieve breakeven with
heating power in the range 1540 MW, the authors of the
report were consistently cautious in committing to the quant-
itative breakeven target. Eventually, the Lawson criterion val-
ues achieved at JET are in the middle range of those pre-
dicted, with ion temperatures close to the top of the extrapol-
ations when input power is in the 30 MW range. And, more
importantly, the data accumulated by JET, and TFTR, in the
highest performance D-T conditions have constituted a price-
less, unique basis to progress in understanding the physics of
thermonuclear plasma and supporting the design of the next
generation of fusion facilities.

8. Conclusions

At the time of its design, JET represented a huge step in plasma
parameters from existing devices, with a very ambitious set of
objectives: over the last 40 years JET has demonstrated major
scientific success in all the specific areas targeted in the ori-
ginal design.
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Figure 17. Equilibrium for JET #105823, r ~ 14 s, at 1.5 MA/2.3 T, for studies of H-mode with negative triangularity.

The basis for this success lies, first of all, in the vision,
ambition and exceptional talent of design team, strongly sup-
ported by the European political powers of the time. The
design team already had one of the defining, and most valu-
able, characteristics of the later JET Team, that is a very
strong integration of physics and engineering, encouraging
a continuous dialogue between these two sides. Openness
to new physics ideas and engineering innovation, constantly
adapting to new technologies and looking into new areas of
research were at the core of the evolution of JET, all the while
keeping firmly in mind the need to ensure personnel safety
and investment protection. This approach has allowed JET
to remain at the forefront of fusion physics and engineering
research throughout its 40 years of operation, carrying out
cutting-edge experiments, like exploration of DEMO-relevant
small or no-ELM scenarios or negative triangularity impact
on H-mode (figure 17), up to the very last day of plasma
operations.

In the author’s opinion, however, the main legacy of JET is
having provided the example for a collaborative structure and
a training centre for European fusion research scientists. The
success of JET has principally been due to its main asset, its
team, the result of collaboration between people with very dif-
ferent expertise and background, working towards a common
purpose (figure 18).
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