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Abstract
For the past several years, the JET scienti�c programme (Pamela et�al 2007 Fusion Eng. Des. 
82 590) has been engaged in a multi-campaign effort, including experiments in D, H and T, 
leading up to 2020 and the �rst experiments with 50%/50% D�T mixtures since 1997 and the 
�rst ever D�T plasmas with the ITER mix of plasma-facing component materials. For this 
purpose, a concerted physics and technology programme was launched with a view to prepare 
the D�T campaign (DTE2). This paper addresses the key elements developed by the JET 
programme directly contributing to the D�T preparation. This intense preparation includes 
the review of the physics basis for the D�T operational scenarios, including the fusion power 
predictions through �rst principle and integrated modelling, and the impact of isotopes in the 
operation and physics of D�T plasmas (thermal and particle transport, high con�nement mode 
(H-mode) access, Be and W erosion, fuel recovery, etc). This effort also requires improving 
several aspects of plasma operation for DTE2, such as real time control schemes, heat load 
control, disruption avoidance and a mitigation system (including the installation of a new 
shattered pellet injector), novel ion cyclotron resonance heating schemes (such as the three-
ions scheme), new diagnostics (neutron camera and spectrometer, active Alfv�n eigenmode 
antennas, neutral gauges, radiation hard imaging systems�) and the calibration of the JET 
neutron diagnostics at 14 MeV for accurate fusion power measurement. The active preparation 
of JET for the 2020 D�T campaign provides an incomparable source of information and a 
basis for the future D�T operation of ITER, and it is also foreseen that a large number of key 
physics issues will be addressed in support of burning plasmas.

Keywords: fusion power, JET, tritium, isotope

(Some �gures�may appear in colour only in the online journal)

1.  Introduction

Since 2016, the JET scienti�c programme is engaged in a 
multi-campaign effort including experiments in D, H and T 
[1], leading to 2020 and the �rst experiments with 50%/50% 
D�T mixtures since 1997 (DTE1 campaign [2, 3]), where 16 
MW of fusion power was achieved transiently and 4 MW in 
the steady state, and the �rst ever D�T plasmas with the ITER 
mix of plasma-facing component materials [4�6]. This effort 
is also driven by the EUROfusion research roadmap to secure 
the success of the future operation of ITER via speci�c prep
aration and experiments, including D�T operation of JET [7].

For this purpose, a concerted physics and technology pro-
gramme was launched with a view to prepare the second JET 
D�T campaign (DTE2) [8]. This overview paper addresses the 
key elements developed by the JET programme directly con-
tributing to the D�T preparation. JET is a unique device in the 
sense that it has been designed from the start as a D�T fusion 

tokamak with the aim to study plasma behavior in conditions 
and dimensions approaching those required in a fusion reactor, 
and therefore it has the capability to study the physics of alpha 
power. JET is equipped with a tritium plant and is capable of 
ef�ciently con�ning the alpha particles in the plasma (90% of 
alphas con�ned for plasma current above 2.5 MA) thanks to 
its size and the plasma current it can reach (up to 5 MA in the 
present con�guration).

In addition, since DTE1 in 1997, the original carbon wall 
of JET has been changed to an ITER-like wall with a tungsten 
divertor and a beryllium �rst wall with the total input power 
upgraded to 40 MW and the set of diagnostics dramatically 
improved. Our goal is to reach 15 MW of fusion power in 
stationary conditions in this environment.

This intense preparation for D�T includes the review of 
the physics basis for the D�T plasma scenarios, including 
the fusion power predictions through �rst principle and inte-
grated modelling and the impact of isotopes on the operation 
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and physics of D�T plasmas (thermal and particle transport, 
H-mode access, Be and W erosion, fuel recovery, etc). This 
also requires improving several aspects of plasma operation 
for DTE2, such as real time control schemes, heat load con-
trol, disruption avoidance and a mitigation system (including 
the installation of the new shattered pellet injector), dedi-
cated ion cyclotron resonance heating (ICRH) schemes, new 
diagnostics (neutron camera and spectrometer, active Alfv�n 
eigenmode (AE) antennas, neutral gauges, radiation hard 
imaging systems, etc), new tritium injection valves, and the 
calibration of the JET neutron monitors at 14 MeV. The D�T 
phase plans to reach a total of 40 MW of input power (reso-
nance ion cyclotron and neutral beam combined), a budget 
of up to ~700 g of reprocessed tritium gas and 1.7  �  1021 
14 MeV neutrons (compared to 35 g and 3  �  1020 neutrons 
respectively for DTE1) [9].

The preparation for the D�T campaign is reviewed in this 
paper in three main sections.

	 1.	�The scenario development and the prediction for fusion 
power are essential for optimizing the operational tools 
and reaching the target of 15 MW of fusion power for 
about 5 s. This includes a continuous effort on modeling 
for predicting the fusion power in the D�T phase, speci�c 
scenario development for the studies of alpha particle 
physics and the role of ICRH in fusion performance.

	 2.	�The isotope physics is being studied within a suite of 
campaigns in hydrogen, deuterium and full tritium as an 
indispensable preparation for D�T to assess the effect 
of the isotopes� mass on core and pedestal con�nement, 
H-mode power threshold, particle transport, and plasma 
wall interactions.

	 3.	�Operational preparation includes a large set of items 
such as new diagnostics and tools for alpha physics 
studies, 14 MeV neutron calibration, operational safety 
and procedures when using tritium in a fusion machine.

The preparation for the D�T phase is led in an integrated 
way and also requires the scienti�c community to develop a 
unique platform for the study of isotope and fusion power in 
a �rst wall environment that is as close possible to the future 
ITER wall. The impacts of these developments on the ITER 
research plan [10] will also be discussed within each sec-
tion�of this paper

2.  Scenario development and prediction for D–T

2.1.  Analysis of scenario development for D–T

In view of the preparation for D�T, developing the physics 
basis for the integrated scenarios is paramount in order to 
achieve the fusion power target of 15 MW for 5 s [11] and 
for ensuring clear observation of alpha-particle effects and 
allowing their detailed study. Two complementary lines of 
research are followed for developing scenarios suitable for 
sustained high D�T fusion power over 5 s [12]: the baseline 
scenario (with �N ~ 1.8 and q95 ~ 3) [13] and the hybrid sce-
nario (�N up to 3 and q95 ~ 4) [14] (�gure 1). The baseline 
scenario focuses mainly on a type I ELMy H-mode at high 

current and toroidal �eld operation with a relaxed current pro-
�le, whereas the hybrid experiments address operation at high 
�N with a shaped current pro�le and q0 close to or above unity. 
Both are aiming at achieve stationary conditions for 5 s.

In 2016, during and just after the 2016 IAEA Fusion 
Energy Conference, encouraging results were achieved for 
the baseline scenario at 3 MA/2.8 T with an injected power 
of ~28 MW of neutral beam injection (NBI) and ~5 MW 
of ICRH (�gure 1, right). ~3  �  1016 neutrons s�1 could be 
achieved for more than �ve energy con�nement times (~1.5 s) 
making an equivalent fusion power of ~7 MW as computed 
with TRANSP [15], shared by 40% beam�target and 60% 
thermal�thermal fusion power.

Here, the equivalent fusion power for a D�T pulse is com-
puted by TRANSP as in [16] assuming equal power from 
a neutral beam in deuterium and tritium in the deuterium 
scenario considered. In addition, in the JET calculation, the 
neutral beam fractional energies are taken into account and 
deuterium and tritium concentrations are forced to be the 
same (50% deuterium�tritium mix). In these calculations, no 
credit is taken for the alpha heating produced or fot possible 
favourable isotopic effects on con�nement.

These equivalent fusion power performances have been 
achieved by lowering the injected gas rate at high power, thus 
accessing lower collisionality in the core and achieving high 
rotation at the H-mode pedestal. Lower particle throughput 
has been achieved by means of a combination of gas and 
edge-localized mode (ELM) pacing pellets injection, which 
resulted in moderate high Z impurity accumulation with a 
better con�nement than with gas fuelling alone. Together with 
the increase of input power (up to 33 MW), lower collision-
ality helped in decoupling the ion and electron channels in 
the core and higher Ti/Te also induced a positive feedback on 
the stabilisation of the ion temperature gradient turbulence. 
The positive feedback was stronger at high rotation, which 
was enabled by low gas injection [17]. The operation with 
the baseline scenario also con�rmed that ICRH power up to 
5 MW, aided by an optimised coupling to the plasma with 
appropriate edge fuelling, is essential to control the accumula-
tion of high Z impurities in the plasma core (more details in 
section�2.4)

Similar results in terms of neutron yield and equivalent 
fusion power were obtained at a reduced plasma current 
but a higher normalised beta in the hybrid scenario (2.2�2.5 
MA/2.8�2.9 T) (�gure 1, left). In this scenario, real time 
control of the ELM frequency with gas injection has been 
introduced to help in �ushing tungsten from the edge. ICRH 
core deposition also helps in controlling the electron density 
peaking which could in turn lead to W accumulation [18]. 
Particularly for the hybrid scenario, heavy impurity accumula-
tion is driven by neoclassical convection enhanced by poloidal 
asymmetries, and is highly sensitive to the main ion density 
and temperature peaking. Multi-channel predictive model-
ling of the high-performance hybrid scenario (Ti  �  Te) repro-
duces central tungsten and nickel accumulation 1.5 s after 
the H-mode onset well, as observed in experiment [19]. The 
high-Z impurities are controlled by application of high power  
density ICRH power near the plasma axis by enhancing 
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turbulent diffusion [20]. As reported previously [21], tearing 
modes can also impact the discharge performance, therefore 
control was attempted by q pro�le tailoring. At �N  �  2.4 
(feed-back controlled using NBI power) m  �  1 magneto
hydrodynamic (MHD) activity and tearing modes can be 
avoided for 3.5 s using q pro�le tailoring by means of beam 
timing and current ramps and will be further optimized in 
the experimental campaigns in 2019. Further analysis using 
quasi-linear codes has shown that low density conditions in 
the hybrid scenario are an advantage for boosting the neu-
tron rate generation [22]. In the hybrid scenario, enhanced 
fusion power is explained by the higher penetration of the 
NBI beams to the plasma core and a reduced ion temperature 
gradient (ITG) turbulence by fast ions when electromagnetic 
effects are taken into account [23, 24].

In both scenarios, strike point sweeping of 3.5 cm on the 
divertor tile is used and was proven to be ef�cient at miti-
gating the power peak heat load with PIN  �  30 MW for 5 s 
[25]. Neon seeding has also been attempted as an additional 
method to mitigate the divertor heat load. Although it is ef�-
cient at reducing the temperature of the divertor target plates, 
the neon had the detrimental effect of increasing the central 
density, thus reducing the central temperature and resulting 
in a non-negligible penalty on the fusion yield [26]. Strike 
point sweeping is at present the main method to handle high 
exhaust power, but the use of neon seeding cannot be ruled 
out to reach the target of 5 s and is being considered in tritium 
plasmas if tungsten sputtering by tritium becomes intolerable 
[27]. Nitrogen seeding cannot be used in the JET tritium cam-
paigns because the JET gas handing system does not handle 
tritiated ammonia and it could also contaminate the uranium 
beds of the JET tritium plant.

To ful�l the mission of alpha physics in the D�T phase, a 
third plasma scenario has been developed in view of it [28]. 
In next-step devices, including ITER, the impact of alpha-
driven toroidal AEs (TAEs) on the redistribution of fast ions, 
causing a degradation of the plasma performance and losses 
to the �rst wall, remains to be quanti�ed. It is therefore essen-
tial to prepare scenarios aimed at observing �-driven TAEs 
in a future JET D�T campaign. The main challenge for this 
type of study is to overcome the strong Landau damping from 
the neutral beams [29]. Discharges at low density, large core 
temperatures associated with the presence of internal trans-
port barriers (ITBs) and good energetic ion con�nement (i.e. 
Ip  �  2.5 MA) have been performed in plasma with an elevated 
q pro�le (qmin from 1.5 to 3) in JET (�gures 2(a) and (b)). As 
in the Tokamak Fusion Test Reactor (TFTR) [30], the after-
glow scheme has been developed, consisting of switching off 
the auxiliary NBI power abruptly, and relying on the faster 
decay of the fast NBI ions compared to the fusion alphas 
to observe the �-driven TAEs in the afterglow phase, where 
alpha heating will be therefore dominating transiently. In tests 
of this strategy in deuterium plasmas, the presence of MeV 
ions driven by ICRH power has resulted in the experimental 
observation of n  �  4, 5, 6 TAEs (�gure 2(c)), also predicted by 
a stability calculation at � ~ 0.4 using the MISHKA code [31] 
(�gure 3). Extrapolating this plasma to D�T shows that the 
obtained �T� achieved should be comparable, or even slightly 
larger, than what was achieved in similar successful TFTR 
experiments. This D�T prediction has been used for stability 
calculations using MISHKA and HAGIS [32] and core TAEs 
with toroidal mode numbers n  �  4, 5, 6 have been found, thus 
matching those observed in the deuterium ICRH version of 
the pulse. The computation also predicts an alpha drive of 

Figure 1.  Time traces of the two main scenarios for achieving the target of 15 MW of fusion power for 5 s [12]. In the second box from 
the top, the equivalent fusion power is calculated as explained in the text using TRANSP. Note the difference in density �N, density and 
thermonuclear components between the two discharges. The beam�beam neutron component is negligible in both cases (�few %).
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