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Abstract

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.

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 decade 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 experiments, making major steps towards reactor conditions.

The JET Joint Undertaking design activities, starting in 1973, had the ambition of building a device
capable of studying plasmas in conditions and dimensions approaching those of a reactor. This aim
was articulated into four main areas of study: plasma-wall interaction, plasma heating, plasma
behaviour as parameters approach the reactor range and the study of alpha particles, the latter
requiring the experiment to operate with D-T mixture. To achieve these key aims, the JET Joint
Undertaking had, from its beginning, 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’ll see later, the exploration of plasma confinement in both
material and magnetic limiter conditions while maintaining a large plasma 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 generation 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 original aims, highlighting their unique contributions to
progressing fusion research.

The paper is organized as follows: after a short section on the timeline of JET, we’ll present selected
results in heat and particle confinement (section 3), Plasma-Wall interaction (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 Joint European Torus Working Group, set-up in 1971, a
design team for a new large size tokamak 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 conditions 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]. 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 tokamak panorama of the time not only with its size but,
also, with the choice of a D-shaped poloidal cross-section (Fig. 1). The main engineering
specifications in the original design and those actually achieved in the subsequent 40 years are given
in table I.

Table I : 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 7 MA
Plasma Current ( X-point ) 6 MA
Flat Top duration 10s(205s) 60 s
Main fuel H/D/T H/D/T/He
NBI heating 15MwW 34MW
ICRF heating (25-56 MHz) 9-12 MW 22MW
LHCD (3.45 GHz) ~ 6MW
Combined heating ~ 37 MW
Pellet Injection Pacing and fuelling
Pistuption Miigtion Shatered pelt Ijetion (5%
Diagnostics Systems ~ 30 ~90

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
June 25" 1983 the project achieved the First Plasma milestone with a hydrogen 50ms pulse at plasma
current of 19kA. Longer pulses with plasma current 2-3MA were routinely obtained later in 1983 and
the design target of 4.8MA current, in material limiter configuration, was reached in 1985 [2].



Fig. 2 shows the timeline of the most significant events in JET history, and more details of the
technical development over the 40 years are given in [6]. Two major engineering upgrades are worth
mentioning here. The first is the installation in the 1992-94 shutdown of a Pumped Divertor in the
lower part of the vessel [7], following the discovery at ASDEX of the H-mode high confinement
regime in magnetic limiter configurations [8] and promising experiments in JET since 1986 [9].
Equipping JET with a versatile divertor, with several different designs tested over the subsequent
years, gave scientists the unique opportunity to study heat load, impurity and density control and
exhaust in conditions relevant to a Next Step fusion device. The second decisive upgrade came in the
2009-11 shutdown: the full replacement of the graphite Plasma Facing Components (PFCs) with an
ITER-like Be/W First Wall [10] allowed a full scale assessment of the capability of a metal wall to
provide low hydrogenic retention while remaining compatible with high performance plasma
regimes. The five D-T experimental campaigns 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 (DTEL) and trace-tritium with divertor CFC and to the second (DTEZ2) and
third (DTE3) campaigns with the metal wall (Fig. 2).

After 40 successful years 105929 pulses carried out, JET tokamak operations ended in December
2023 and the project entered its decommissioning phase. The decommissioning 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 decommissioning of JET thus offers a major chance to provide
insight on the impact of years of plasma operations, including several DT campaigns, on its
components and, especially, its First Wall materials [11].

3. Heat and particle confinement

At the time of the JET design activities, although the tokamak 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 temperature 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 accompanied 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 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 significant 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” configuration, 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 confinement studies in material limiter configurations, with significant



additional heating and up to 5MA [2,12], it soon started 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 [7], 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 extrapolate from present experiments to future
machine, is one area where JET has made a unique contribution to H-mode confinement studies. The
JET data has been essential to extend the plasma parameter range beyond what is possible in
small/medium size tokamaks and, particularly, towards the expected conditions in ITER. As an
example (Fig. 3), JET has been the device providing the data at highest thermal confinement time in
type | ELMy H-mode for the formulation of the commonly used ITER98 scaling expression for the
thermal confinement time [13]. 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) expression depends almost linearly on plasma current and almost
quadratically on major radius, see eq. (20) in reference [13]. Engineering scaling laws have, also,
highlighted the importance of plasma vertical elongation in achieving higher thermal energy
confinement times, thus validating the design choice of a non-circular cross section for JET.

JET has, also, supplied data in a unique parameter range for studies of scaling laws based on
dimensionless quantities. The use of dimensionless parameters is a convenient way to describe a
complex system where a rigorous mathematical 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 dimensionless
parameters commonly used to describe global confinement, namely normalized Larmor radius p*
(Fig. 4), normalised beta Bn and normalized collisionality v*. In this area of confinement research
JET data have been extensively used both in international databases and in dedicated identity
experiments to validate theoretical assertions against experimental observations, and advance the
predictive modelling capabilities which are essential in preparing for the next generation of fusion
devices [14,15]

Another important area for extrapolation to future D-T devices, is the study of the so-called isotope
effects, that is 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 different
flavours of H-mode, in various mixtures of hydrogen, deuterium, helium and tritium in both Carbon
and metal wall environment. JET has, thus, made exceptional contributions to studies of H-mode
power threshold [16,17,18] as well as helping to disentangle heat and particle transport scaling with
ion species [19,20]. One example of unique results is the recent finding, in the DTE2 campaign, of
clear coupling of core and edge ordering by isotope mass (Fig. 5), originating from the pedestal and
proving once more that core and edge cannot be treated independently [21].

The JET results represent an extremely challenging, and directly reactor-relevant, database to
validate transport modelling and contribute to the considerable progress in numerical predictive
capabilities. It is important to stress how the basis for achieving such a wide and unique range of
parameters has been the extensive effort in scenario development at JET. From the early days of
exploration of the H-mode, both as transient ELM-free and steady ELMy [12], to the development of
Advanced scenarios, via injection of pellets [22] or exploitation of Lower Hybrid for current profile
tailoring to study confinement with Internal Transport Barriers [23], 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 answering critical questions and preparing for the next generation of fusion experiments.

4. Plasma-Wall interaction

The study of plasma-wall interaction (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 configuration and its Plasma Facing Components (PFC), 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 with use of Light Carbonization, was essential in obtaining good
confinement plasma conditions, both in material and magnetic limiter configurations [24]. High
energy transients and large ELMs were, however, found to cause large, performance 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 [25].
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 [12]. 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 [7]. 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 [26,12,27]. While most of the PWI studies carried out in this period were
not exclusive to JET, what was absolutely unique was the extension 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 conditions, from L-mode to H-mode [28].

The need to firm up the basis for plasma components in the next generation of fusion devices,
including ITER, prompted the decision to install a metal wall at JET [29]. The Components were
chosen as a mixture of beryllium / Be-coated Inconel in the main chamber, solid tungsten and W-
coated CFC in the divertor and high heat flux areas of the main chamber [30]. 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 ITER-like Wall (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 operating scenarios, Fig. 6 [31]. The experience of starting operations on a large metal
device like JET, combined with the good news of lower retention and the data acquired in medium
size devices [32], was crucial to inform the decision of ITER to install directly a metal wall, rather
than using CFC components for their first non-active campaigns.



The combination of ILW and the unique capability to operate with tritium offered the opportunity
to assess experimentally the influence of plasma isotope on the plasma-wall interaction 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 (Fig. 7), from hydrogen
to tritium [33,34]. 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 divertor region was investigated in ELMy H-mode conditions [31]. 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 [35]. 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 plasma-wall interaction 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 scenarios and, eventually, carrying out further D-T experiments [36,37]. 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 lon Cyclotron Resonance Heating to control the
high-Z impurity transport [38]. In addition, the development of a high pedestal temperature in the
Hybrid H-mode allowed for the first time the demonstration of impurity screening via neoclassical
effects in the H-mode pedestal [39], 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 investigate methods for removal of hydrogenic species, tritium in particular, 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 (GDC) and exploitation of the ICRF system for lon
Cyclotron Wall Conditioning (ICWC), 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 retention 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 resumption of deuterium experiments without excessive production of 14MeV neutrons and
activation in the Torus Hall [40]. 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 species, and in particular tritium, desorption in real tokamak conditions. 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 [41].

5. Disruption Physics

Disruptions, a rapid and catastrophic loss of magnetic and thermal confinement, are an inherent
property of tokamak plasmas [42]. The consequences of disruption transients can be diverse:
electromagnetic loads on the vessel systems, localized heat loads on the PFCs and the likelihood to
generate confined beams of energetic electrons for which the electric field acceleration prevails over
collisions, the so-called Runaway Electrons (RE). Disruptions constitute a major risk for a future
tokamak-based fusion power plant and are one of the highest priority research areas in present
devices. As the tokamak reaching 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 considered 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 observed experimentally from the very start of the exploitation of JET. As
early as 1983/84, the insufficient vertical stabilization in elongated equilibria gave rise to a
particularly dangerous class of disruptions, the Vertical Displacement Event (VDE), in which vertical
position control is lost at full plasma current 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 and was observed by seismologists’ instruments
about 10 miles away from Culham [43]. The engineering analysis of such event predicted that an
equivalent disruption at plasma current of 4.8MA would have generated forces above 800 tonnes and
could have caused irreparable damage to the vessel components. A subsequent upgrade of the real-
time vertical control system, together with the installation of robust mechanical supports, allowed the
full exploitation of the device to continue safely up to currents of 7MA and, later, to cope with the
increased demands of elongated single and double-null X-point configurations up to 6MA. The
combination of careful machine engineering and rigorous machine protection, encapsulated 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 conditions where disruptions of
EM forces up to 500 tonnes could cause vessel rolling movement up to 5mm (Fig. 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 disruptions were inherent in the high-
Z metal wall environment and became a persistent feature of the last years of JET [44]. 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 transient electric fields, the latter decreasing the likelihood
of RE generations, it does increase significantly the duration of halo currents and the resulting EM
forces [45].

Safe operation with the ILW, therefore, required the implementation of increasingly sophisticated
real-time algorithms to detect incoming disruptions [46], coupled with the use of active, real-time
triggered mitigation via Massive Gas Injection (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 particular exploiting the opportunities offered by novel Machine Learning
approaches [47]. Once more, with its machine protection 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 [48]. The new SPI
system, although not used for real-time machine protection, has provided unprecedented data to
advance the understanding of SPI plasma shutdown [49].



The physics of high current Runaway Electrons 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 carefully to balance the high scientific interest
of the SPI experiments with the rest of the programme, including the unique D-T campaigns.

The dedicated JET experiments have demonstrated how effective SPI can be in avoiding RE
generation while still mitigating the impact of heat loads and forces, for example if SPI is injected
early enough in the disruption phase and/or if it contains enough deuterium [50]. 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 achievement of benign termination of RE beams
in cases of injection of pure deuterium SPI (Fig. 9) [50]. 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 generation of fusion devices is an open question, the discovery of this
effect demonstrates once more the importance of experimental 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 heating systems
is described in more details in [6, 51] and references therein, from the modest power at the start of
JET to the diverse, multi-megawatt systems in the ILW phase. In this section we will focus on studies
of lon Cyclotron Resonance Frequency (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 powerful, as befitting such a large machine,
but also extremely versatile. Several antenna designs were tested, culminating in the so-called A2
system, powered by up to 32MW of generator power and operated at frequencies from 25MHz to
56MHz. The wide frequency range allowed ICRF heating, at fundamental and harmonics of the lon
Cyclotron frequency, at all values of Toroidal Field used for JET experiments and on a variety of
resonant species, including tritium for D-T conditions. 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 physics (Fig. 10).

Over the years, ICRF heating has been one of the pillars of the JET research activities. The
applications, as summarized for example in [51], varied from contributions to core and reactor-
relevant H-mode confinement studies, to investigation of the impact of energetic particles on core
plasma confinement [52] 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 of high-Z impurities and allow the achievement of high
performance [38].

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 generate non-inductive currents, by interaction with either



bulk electrons or a resonant ion population [53]. As theoretically predicted, for example in [54], if
the resonance is located close to the location of the q=1 surface, the minority lon Cyclotron Current
Drive would change the shear at this surface, hence potentially modifying the sawtooth activity.
Dedicated experiments [55] 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 (Fig. 11).
These results confirmed the significant progress and increasing maturity of our understanding of
ICRF physics and fast particle effects, the latter particularly important for looking ahead to reactor
conditions with heating dominated 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 groundbreaking 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 resonances at harmonics of tritium or fundamental minority of He3. From the early DTEL
campaign in 1997, significant experimental time was dedicated to these unique RF studies, for
example demonstrating the potential for bulk ion heating by ICRF using a (He3)DT scheme (Fig. 12)
and giving a first experimental proof of the feasibility of deuterium minority heating [56]. This latter
heating scenario was further optimized, via accurate predictive modelling, 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 [57]. Second harmonic heating of tritium, which is ITER reference ICRF heating scheme in
D-T plasmas at full field, was succesfully integrated in JET high-performance plasma in DTE2 [58].
Another novel application of ICRF to D-T plasmas, targeting 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, the scenario was successfully ported to D-T plasmas [59].

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 relevant applications, for example proving its applicability as
an effective tool for wall conditioning and de-tritiation in [40], which is very promising for ITER and
similar devices.

7. D-T fusion power studies

Fusion research in JET was firmly aimed, from the very beginning, 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 Preliminary Tritium Experiment (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 (Fig. 13), with tritium
concentration ~ 10%, fusion power in excess of 1.5MW was produced transiently [60]. The data from
these pulses was essential 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 DTE1 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 plasma-wall interaction 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 [61]: 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 DTEL1 experiments, achieving record fusion power (Fig. 13) both transiently
[62] and in steady ELMy H-mode [63] and highlighting the importance of isotope effects in all the
regimes explored, were a major step forward in fusion research and increased significantly the
confidence 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 [64].

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 [65,
28]. 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 alternative PFC materials, resulting in
the installation of the ITER-like wall at JET. In parallel to the ILW installation, plans for a further D-
T campaign were initiated, with a much greater scope than DTEL, 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 conditions, the 2021 DTE2 campaign had
ambitious objectives for fusion power and energy production, aiming at improving on the DTE1
output in steady H-mode conditions, as well as continuing 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 overview can
be found in [34] 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 dominant 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 previous D-T experiments, either on TFTR [66] or in JET [67], the evidence for alpha
particle heating effects had been ambiguous and this was, therefore, one area that received specific
attention in DTE2: 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 (Fig. 14); modelling strongly supports the interpretation that these are
Toroidal Alfvén (TAE) modes destabilized by the alpha particle population [68]. In the afterglow
phase, correlating with the TAE activity, losses of core 3.5MeV alpha particles were also clearly
observed with the new Fast lon Loss Detector (FILD) and Faraday cups diagnostics [69]. FILD, in
particular, has provided an impressive wealth of radially and energy resolved alpha particle
measurements related to MHD activity like fishbones and ELMs. 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 [70].

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 (Fig. 13). The preparation for
the DTEZ2 high fusion power studies was based on the extensive exploration and optimization in ILW
of various high confinement scenarios in deuterium, crucially accompanied by an unprecedented
predictive modelling effort with advanced transport models [71]. Over several years prior to DTEZ2,
the continuous interplay between experiments and modelling was essential in developing high
confinement and performance plasma conditions, 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 of the core confinement predictions as in the achievement of record
fusion energy (Fig. 15).

One last D-T campaign followed in 2023. DTE3 focussed on studies of impurity seeded H-mode,
highly radiative scenarios and small or no-ELMs regimes, as well as exploring real-time control
schemes relevant for D-T operations [72]. It is interesting to note that, although the the DTE3
campaign was shorten than DTEZ2, it delivered a higher number of plasma pulses for the scientific
programme: this was due to an extensive activity of optimizing the operational processes and the
experimental conditions on the basis of the recent DTE2 experience. The later D-T campaigns do
constitute a significant progress in producing, and understanding, high performance conditions in
steady conditions, over 15-20 thermal confinement times, and in a more reactor-relevant metal wall
environment (Fig. 13).

Progress towards conditions for more efficient fusion energy production is measured, in
controlled thermonuclear fusion, by the so-called Lawson parameter nteT; [73]. The results of JET,
together with the two other large tokamaks TFTR and JT-60 / JT-60U [74], have been fundamental
in realizing significant progress in the Lawson parameter (Fig. 16). Importantly, the contribution of
JET [75,76] and TFTR [61] has been in D-T conditions, and not only in extrapolation from deuterium
plasmas. Additionally, the crucial significance 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 environment. Building on the experience of the early JET and TFTR experiments, the
DTEZ2 and DTE3 campaigns have brought the experiments as close as possible to reactor conditions,
demonstrating the massive growth in the maturity of physics and technology underpinning fusion
energy research.

Together with plasma physics experiments, and the plasma-wall interaction aspects discussed in
section 4, the JET D-T campaigns were also a unique opportunity for neutronics studies in preparation
for the next generation of fusion devices and, eventually, the fusion power plants [77]. The fusion
power measurements were underpinned by an accurate in-vessel calibration of the 14 MeV neutron
diagnostics, carried out before DTE2 [78]. Later, during the D-T campaigns, the neutron induced
activation 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. 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.

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 original design.

The basis for this success lies, first of all, in the vision, ambition and exceptional talent of
design team, strongly supported by the European political powers of the time. The design team



already had one of the defining, and most valuable, 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 (Fig. 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 different expertise and background, working towards a common purpose (Fig. 18).
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time of JET Design. Reproduced from [1].



JET Timeline
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Figure 2 : timeline of the most significant events in the history of JET
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in different transient and steady H-mode scenarios. With “ITER Baseline” it’s designed the seeded
H-mode scneario at high current and high traingularity.



#99801 (D-T) #100793 (D)

ko
=
°
4
=
°
Neutron rate, 1/s
°
2
=
=0
300 4 "
- ; N
= AR IR P 1, e
5 AR : T
e ) ‘n‘ §
3 .,?’v
€ 200- S -~
s B
=2 =
S
™ i
= 38 SSRGS o ,
100 = e TN i,
0 A A A\_N
7 7.5 8 8

t{(s)

Figure 14 : Time evolution of the main parameters of the afterglow scenario in D-T, #99801 in red,
compared with its reference in deuterium, #100793 in blue, together with the fusion power trace and
Fourier spectrogram of magnetics measurements of TAE activity for the D-T pulse. Adapted from

[69]
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Figure 15 : Comparison of D-T fusion power achieved in DTEZ2 in the baseline scenario at 3.5 MA
(gold stars) with predictive modelling based on extrapolations from D plasmas at S ~ 1.8 (blue
squares) using JETTO-Qualikiz within the JINTRAC workflow. Figure adapted from [80].
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Figure 16 : progress in the Lawson parameter nz=T; 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 Fig. 26 of reference [81].
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Figure 17 : equilibrium for JET #105823, t~ 14s, at 1.5MA/2.3T , for studies of H-mode with Negative
Triangularity.



Figure 18 : JET Team staff watching (a) the first plasma, on June 25" 1983, and (b) the last plasma,
on December 18" 2023.



