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Abstract

In 2021 JET exploited its unique capabilities to operate with T and D-T fuel with an ITER-like
Be/W wall (JET-ILW). This second major JET D-T campaign (DTE2), after DTEI in 1997,
represented the culmination of a series of JET enhancements—new fusion diagnostics, new T
injection capabilities, refurbishment of the T plant, increased auxiliary heating, in-vessel
calibration of 14 MeV neutron yield monitors—as well as significant advances in plasma theory
and modelling in the fusion community. DTE2 was complemented by a sequence of isotope
physics campaigns encompassing operation in pure tritium at high T-NBI power. Carefully
conducted for safe operation with tritium, the new T and D-T experiments used 1 kg of T (vs
100 g in DTE1), yielding the most fusion reactor relevant D-T plasmas to date and expanding
our understanding of isotopes and D-T mixture physics. Furthermore, since the JET T and
DTE2 campaigns occurred almost 25 years after the last major D-T tokamak experiment, it was
also a strategic goal of the European fusion programme to refresh operational experience of a
nuclear tokamak to prepare staff for ITER operation. The key physics results of the JET T and
DTE2 experiments, carried out within the EUROfusion JET1 work package, are reported in this
paper. Progress in the technological exploitation of JET D-T operations, development and
validation of nuclear codes, neutronic tools and techniques for ITER operations carried out by
EUROfusion (started within the Horizon 2020 Framework Programme and continuing under the
Horizon Europe FP) are reported in (Litaudon et al Nucl. Fusion accepted), while JET
experience on T and D-T operations is presented in (King et al Nucl. Fusion submitted).

Keywords: magnetic fusion, JET-ILW, D-T, tritium, alpha particles, fusion prediction,
heat and particle transport

(Some figures may appear in colour only in the online journal)
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1. Introduction

Tokamak experiments using the D-T mixtures required in
fusion power plants are very rare, as magnetic confinement
fusion experiments typically use a single hydrogen isotope,
primarily deuterium. The JET tokamak was designed from the
start to operate with T and D-T fuel. A Preliminary Tritium
Experiment (PTE) was carried out in 1991: a hot-ion H-mode
plasma with 11% tritium in deuterium produced 2 MJ of
fusion energy with peak D-T fusion power Pgg = 1.7 MW
and Qi = Pgs/Pin = 0.12 [1], where Py, is the total input
power injected into the torus. For the PTE, tritium and neut-
ron budgets were kept low on purpose to limit vessel activ-
ation and thus allow the subsequent installation of the JET
pumped divertor with human intervention. The first major D—
T experiment on JET (DTE1) was carried out in 1997 [2, 3],
yielding record D-T fusion power of 16.1 MW in an ELM-
free hot-ion H-mode and record 22 MIJ fusion energy in a
steady, high plasma current type I ELMy H-mode. In 2003,
atrace T experiment was carried out in JET [4]. Extensive D—
T experiments were also carried out in TFTR between 1993
and 1997 [5-8], with various D-T mixtures, including 50-50
D-T. They produced 10.7 MW of fusion power and fusion gain
Oin = 0.27 in the supershot regime. Until DTE2, carried out
on JET with Be/W wall in 2021, these were the only exper-
iments to date providing nuclear tokamak operation. They
demonstrated D-T fusion production, plasma physics effects
linked to the use of D-T mixtures and effects linked to the
generation of fusion-born a-particles. However, these D-T
experiments were primarily carried out in conditions less rel-
evant to ITER and DEMO and fusion power plants, namely
with C wall (showing unacceptably high T retention [9] in
view of a reactor, both on safety and fuel cycle economics
grounds), mostly in transient plasma scenarios (hot-ion H-
mode, super shot) in conditions of low density and 7 > T..
Only one scenario, the JET DTE1 sustained type I ELMy H-
mode at high plasma current, was carried out in ITER-relevant
scenario, but was operated at SN ~ 1.5 due to limitations in
the maximum auxiliary heating, thus sustained fusion power
was not obtained in high beta, high fusion power plasmas.
Furthermore, especially in JET, a-particle effects were diffi-
cult to unravel and isotope effects on transport and confine-
ment on JET were at variance with TFTR results. For DTE1,
key diagnostics were either missing, such as H-mode pedestal
profiles measurements, or not as advanced as nowadays.
Plans for a second major JET D-T campaign, DTE2,
already started in 2006 to test crucial physics and techno-
logy aspects of reactor-relevant D-T fusion plasmas ahead
of ITER’s operations. JET’s carbon wall was replaced in
2009-2011 by the ITER-like combination of Be in the main
chamber and W in the divertor. Furthermore, a full T cam-
paign at high power would address issues of isotopic effects
on particle, energy and momentum transport and plasma-wall
interactions, which had remained largely unexplored since the
TFTR and JET D-T experiments in the 1990s. As a-particle
effects had been weak and difficult to understand in DTE]1, in

DTE2 emphasis was also placed on demonstrating unambigu-
ous a-particle effects.

Following the installation of the metallic wall [10], a dec-
ade of JET experiments, analyses and modelling confirmed the
reduced hydrogen fuel retention rate in the Be/W wall (2011-
2014) [11], demonstrated in D plasmas the compatibility of
ITER scenarios with the ITER-like wall (2016-2020) [12] and
investigated a large breadth of isotope physics issues in dedic-
ated H, D, T, and H-D, H-T campaigns (2016-2021). In sup-
port of the T and DTE2 experiments, a series of JET enhance-
ments were completed over the years [12, 13], notably: new
fusion diagnostics, new T injection capabilities, refurbishment
of the T plant, increased auxiliary heating, in-vessel calibra-
tion of 14 MeV neutron yield monitors. Significant advances
in plasma theory and modelling were accomplished in the
fusion community since DTE1. The JET T and D-T experi-
ments were guided by intense ‘predict-first’ modelling using
different codes and modelling assumptions [14]. After DTE2,
intensive validation of a variety of core integrated modelling
workflows was carried out against the 2021 JET D-T data
to test and improve D-T predictive modelling capability for
ITER and future fusion reactors [15]. Indeed, the most sig-
nificant output of DTE2 is the validation of current models
and physics workflows in the most D-T fusion reactor relev-
ant conditions to date.

2. Scope of T and DTE2 experiments, upgrades for
and operation in T and DTE2

The JET T and DTE2 experiments with Be/W wall were
planned and executed along six main goals:

(i) Demonstrate fusion power >10 MW, sustained for 5 s
(i) Demonstrate an ITER-relevant, Ne-seeded radiative scen-
ario in D-T with the Be/W wall
(iii) Demonstrate clear a-particle effects
(iv) Clarify isotope effects on energy and particle transport
and explore consequences of mixed species plasma
(v) Address key plasma—wall interaction issues
(vi) Demonstrate radio-frequency heating schemes relevant to
ITER D-T operation.

The scope of T and D-T experiments in JET with Be/W
wall was thus much greater than in DTEl. To match this
broader scope, both tritium and 14 MeV neutron budgets avail-
able for the T and DTE2 campaigns were much larger than in
DTE1: the 14 MeV neutron budget was 1.55 x 102! for DTE2
(vs 2.5 x 10 in DTE1) and 1 x 10% for the full T campaign
(based on a conservative estimate of 1% D/(D + T) in T plas-
mas). We recall that the JET safety case defines the limit on the
vessel activation due to the total 14 MeV neutron fluence over
the lifetime of JET (2 x 10?! 14 MeV neutrons) [16, 17]. The
DTE2 neutron budget implied no human access to the toka-
mak vessel and significant limitations of access ex-vessel in
the torus hall for several months after the experiment due to
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the high activation levels. A total 8.5 x 10?° neutrons were
produced in DTE2, thus allowing for further DTE3 experi-
ments in late 2023. The on-site tritium inventory at the start
of the T and D-T campaigns was 69 g, compared to 21 g in
DTEI. Overall, 1 kg of T was used for the T and DTE2 cam-
paigns combined (compared to ~100 g T used in DTE1), of
which 240 g were injected into plasma via the tritium gas injec-
tion modules (TIMs) [18] and 763 g were fed to the NBI sys-
tem. In DTEI1, with a shorter campaign, 65 g T went to the
NBI and 35 g into the vessel. Whereas in DTE1 tritium was
fed to the torus by only one midplane TIM, enhanced capab-
ility was put in place for T and DTE2, with 5 TIMs installed
in different toroidal and poloidal locations of the vessel [18],
substantially increasing the T fuelling flexibility. Furthermore,
tritium was fed into both neutral beam injection boxes to allow
for T experiments at full power, while only one NBI box was
converted to T in DTE].

While the NBI system could supply 20.5 MW in D and
up to 23 MW in D-T during DTEI, the subsequent JET NBI
upgrades allowed for up to 30 MW peak NB power in T and
D-T and up to 26 MW and 29 MW averaged over 3 s in
T and DTE2, respectively. Evaluation and calibration of the
power from tritium neutral beam injection was also achieved:
a combination of operator activities on the NBI system and L-
mode plasma experiments comparing the plasma stored energy
response for D and T NBI established that the uncertainty in
NBI power calibration is comparable in D and T (~410%)
[19]. The ICRH power available for T and DTE2 was lower
than maximum capability due to the unavailability of the ILA
antenna. Up to 4-5 MW of RF heating were coupled to plasma,
the exact power levels depending on the RF heating scheme
and frequency used in the experiments [20].

The Active Gas Handling System (AGHS) [21], the part
of the JET plant which stores, supplies and recycles tritium
fed to and exhausted from the JET vessel and the NBI, was
enhanced and re-commissioned for the T and DTE2 experi-
ments, as it had not been operated since 2003. Tritium was
stored in uranium beds and reprocessed in the AGHS to high
purity by gas chromatography. To meet the demands of the
experimental schedule, the AGHS was operated 24 h aday, 7 d
a week. During experimental days, the AGHS provided daily
tritium feed to torus and NBI, daily gas exhaust recovery and
overnight storage. T and D-T operations were run in cycles,
interleaving 3—4 weeks of experiments with one week (without
experiments) for legally required T accountancy. During T and
DTE2 campaigns, JET operations were restricted by a daily
limit of 11 g (44 bar-1) of tritium on the inventory allowed in
torus and cryo-panels (divertor and neutral beams), as set by
the JET D-T safety case. An overall limit of 90 bar-1 hydro-
gen (all isotopes) per day could be processed by AGHS. The
cryo-panels were regenerated at the end of each experimental
day or when the daily limit of 11 g T was reached.

To maximize return on investment for DTE2, an in-vessel
calibration of the JET 14 MeV neutron yield monitors (three
pairs of 2U/?*8U fission chambers mounted close to the trans-
former magnet limbs in octants 2, 6 and 8 of the tokamak
and an in-vessel activation system, with a reference irradi-
ation end located in octant 3 of the tokamak) was carried

out in 2017 with a calibrated 14 MeV neutron generator [22]
deployed by remote handling inside the JET vacuum vessel
[23]. A total of 76 h of irradiation were needed with the
neutron generator located in 73 different poloidal and tor-
oidal positions in the JET vessel to calibrate the JET 14 MeV
neutron yield monitors. The 14 MeV neutron generator had
been well characterized and absolutely calibrated in advance.
It had been equipped with calibrated monitoring detectors,
which provided the instantaneous neutron emission rate with
43.5% uncertainty [22]. Subsequently, the neutron calibration
factors for D-T plasmas were derived from measurements of
the response function of JET neutron monitors with required
corrections provided by neutronics analyses [23]. In particular,
the neutronics calculations were performed with the MCNP
code and a detailed model of JET to obtain the response of the
JET neutron detectors to D-T plasma neutrons starting from
the response to the 14 MeV neutron generator neutrons, taking
into account the anisotropy of the neutron generator and all the
calibration circumstances [23]. In addition to deriving calib-
ration factors for the reference fission chambers, the in-vessel
calibration served to validate the neutronics models of the irra-
diation end located closest to the plasma, which enabled an
additional integral measure of fusion yield to be determined.

This calibration method, developed on JET, also bench-
marked the ITER neutron calibration workflow, which
requires an accuracy of £10% for T accountancy purposes
besides for fusion yield measurements. The final validation
of the JET 14 MeV neutron calibration, and its uncertainty
quantification, was obtained with measurements of neutron
yields during DTE2. Absolute integral fusion neutron yields
were determined during the DTE2 campaign using the neut-
ron activation system, using a set of standard high-threshold
dosimetry foils (iron, aluminium and niobium), which were
routinely irradiated during plasma discharges. The activity
induced in these foils directly correlates to the fusion power.
To take into account the variable plasma position during dis-
charges, correction factors were derived from dedicated shots
during DTE2, in which the plasma was scanned at various
heights (Z) above the midplane. These derived correction
factors apply to activation coefficients derived from neutron-
ics models, which assume the plasma to be at a given (fixed)
height above the midplane. Coupling the y-spectrometry ana-
lysis with neutronics simulations and pre-determined plasma
vertical displacement corrections factors allows one to accur-
ately determine the absolute fusion power for any given shot.

Thus, two methods were employed to determine fusion
power during the DTE2 campaign, activation foils and abso-
lutely calibrated fission chambers. Both sets of results agreed
within the target uncertainty (<10%) and pave the way for a
similar methodology to be deployed on ITER.

Further unique opportunities for neutronics included the
installation of samples to study 14 MeV neutron induced activ-
ation and damage in ITER materials; validation of neutron
streaming modelling and of ITER shutdown dose rates; extens-
ive neutronics measurements in a wide range of plasma scen-
arios and in JET non-operational periods [24]. For reference,
the neutron flux levels measured at the JET first wall were
of the same order of magnitude of those expected at the rear
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ITER blanket/diagnostic first wall for ITER Q = 10 operation
and the ~y-radiation field in JET due to neutron activation after
DTE2 was as intense as that expected in maintenance locations
of ITER [24].

Measurements enhancements for DTE2 in the area of nuc-
lear diagnostics for fusion products, which are crucial to test
D-T modelling predictions with high level of detail, included:
neutron spectroscopy, with two main instruments used, the
magnetic proton coil spectrometer (MPRu) [25], used in DTE1
and upgraded for DTE2, and new crystal, synthetic diamond
detectors; measurements of lost fast ions, in particular a-
particles, with a fast ion loss detector (FILD) for measurement
of the velocity space of the escaping a-particles, and an array
of five Faraday cups, which yield information on the poloidal
distribution of the losses [26, 27].

The power and energy handling limits of JET s Be/W wall
are such that the surface temperature of the Be limiters needs
to be kept below 900 °C to avoid melting and the tungsten-
coated CFC tiles in the divertor (except the bulk W tile) have
a surface temperature limit of 1200 °C to avoid carbidisation
of the coating and brittle failure. A significant upgrade of the
JET machine protection and control system (consisting of an
array of pyrometers, infra-red cameras and a suite of real-time
vessel temperature monitoring and alarm generation software)
was thus put in place, including an in-vessel calibration of
the sensors in 2017. A key diagnostic upgrade in preparation
for DTE2 was the installation of remote optical links to bring
two of the in-vessel views outside the biological shield of the
machine, to ensure their use for machine protection and phys-
ics applications during the high fusion pulses in DTE2 [28,
29]. Cameras close coupled to the machine were removed prior
to DTE2 to preserve their electronics, which would otherwise
have been damaged by the high neutron and y-ray emission.
The cameras were then re-installed, when access to the torus
hall was allowed again, for the subsequent D campaigns in
2022 and 2023.

In this paper, unless otherwise stated, the quoted hydrogen
isotopic composition is that measured by high resolution H,
D, T Balmer-« spectroscopy of a Penning discharge within
the neutral gas analysis diagnostic in the JET sub-divertor
plenum [30]. Light is collected from a Penning gauge and fed
into quartz optic fibres which relay the light to the JET dia-
gnostic hall. The light is analysed with a high-resolution vis-
ible spectrometer which uses a CCD camera as detector. The
optical Penning gauges and associated spectroscopic instru-
mentation were upgraded prior to DTE2 to provide improved
optical throughput and, for the first time, simultaneous routine
measurement of H/D/T and *He/*He ratios. As the JET multi-
sensor neutral gas analysis diagnostic shares many design fea-
tures with the neutral gas analysis system on ITER, this is one
of the many examples where DTE2 also provided an excellent
testbed for the ITER measurement workflow [31]. The iso-
topic concentration detection limit is 1% [30, 32]. The ability
to measure T and D concentrations of 1% or below was partic-
ularly important in D and T campaigns, respectively, prior to
and after DTE2, as the 14 MeV neutron budget was strictly
monitored for optimum use during DTE2. It is to note that
accurate detection of low-level concentrations of D and/or T

in plasmas that include both isotopes is more challenging than
extracting H concentrations in either D or T, as the D,, and T,,
spectral lines are much closer to each other.

Another key diagnostic upgrade for the T and D-T experi-
ments in JET-ILW was that of the core charge exchange recom-
bination spectroscopy (CXRS) system, which allowed recov-
ering high quality ion temperature (7;) and toroidal rotation
(vior) profiles with the Be/W wall, where C impurity content
in the plasma is negligibly low [33]. T and v, profiles were
typically measured by Ne X CXRS, enabled by diagnostic Ne
puffs. Main ion core CXRS was also implemented as part of
this upgrade.

A transition from deuterium to protium operation was pro-
grammed at the end of 2020, in order to minimize the deu-
terium concentration in plasma and, therefore, the 14 MeV
neutron yields during the experiments in pure T, while also
providing the final H references for isotope physics studies.
This was followed by the physics programme in T and D-T,
which entailed in sequence: a full tritium campaign, includ-
ing high power T operation; experiments in deuterium—tritium
mixtures (DTE2); completion of the T campaign in early 2022.
Subsequently, a clean-up phase in hydrogen and low-power
D plasmas was executed to ensure tritium removal from the
vessel (see section 7). An overview of the key results from
the JET T and DTE2 experiments with Be/W wall is reported
in sections 3-8, organized along the six campaigns headlines,
and conclusions are drawn in section 9.

3. Demonstration of high fusion power, sustained
for5s

Prior to DTE2, the most reactor-relevant DT plasmas of cur-
rent generation tokamaks were achieved in JET DTEI. In par-
ticular, Prs ~ 4 MW was obtained in a high power, type I
ELMy H-mode steady for 5 s, with pulse duration limited
by the duration of the auxiliary heating phase at maximum
power and the available neutron budget [34]. This plasma,
pulse #42982, 50-50 D-T, 3.8 MA/3.8 T, o5 = 3.5, 21.5 MW
NBI + 2.3 MW ICRH, performed with the JET Mark ITA
divertor and C-wall, set the world record of 22 MJ of fusion
energy, with Qg = 0.18 (defined as the fusion energy produced
over the input energy into plasma over the 5 s steady time
interval). The thermal neutron yield reached ~30% of the total
neutron yield. All other DTE1 high performance scenarios (hot
ion ELM-free H-mode, reversed shear H-mode with internal
transport barrier (ITB)), although yielding significantly higher
peak Py values [2], were highly transient.

In JET DTEZ2, high D-T fusion performance of ELMy H-
modes was sought at maximum plant capability, within neut-
ron and T budgets allocated to the entire campaign, with
emphasis on sustained performance compatible with the Be/W
wall: maximum auxiliary heating in plasmas sustained for
5 s (with this duration limited by the thermal inertia and
between pulse cooling of the tokamak’s wall and copper mag-
netic coils), namely ~25 7g’s. In doing so, JET was pushed
to operate at its operational limits while remaining compat-
ible with the constraints of the metallic wall, demonstrating
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maximum D-T fusion performance steady over several energy
confinement times and a-particle slowing down times. Thus,
the primary goal of DTE2 was not to achieve a given value of
fusion power or energy, but, rather, to demonstrate integrated
fusion performance in conditions as close as possible to those
in ITER, while aiming at sustained fusion powers approaching
those of the record Py, achieved only transiently in DTE1.

Preparation of the scenarii for high Pss was completed in
2019-2020 [12], delivering record sustained neutron rates in
D in the hybrid scenario, up to 3.3 x 10'® n s~! (averaged
over 5 s), with tolerable (for JET-ILW) divertor heat loads and
medium/high-Z impurity control for steady H-mode operation.
As earlier studies with JET-ILW highlighted the sensitivity of
ELM frequency and pedestal pressure to gas injection [35],
it was a general need of all scenarii to optimize this aspect
for high fusion performance with high-Z impurity control.
Extrapolation from D to D-T with predictive modelling and/or
with D-T equivalent fusion power calculations indicated that
10 MW of fusion power or more could be delivered, with val-
ues depending on the modelling assumptions and the nominal
auxiliary heating used in the simulations [14]. Two comple-
mentary routes were pursued to test different D-T physics and
fusion drives with a Be/W wall: high current (baseline scen-
ario) and high beta (hybrid scenario).

The baseline and hybrid scenarii were developed with 50—
50 D-T plasma mixtures over the entire plasma radius using
mixed D-T core (via NBI) and edge (via TIMs) fuelling to
maximize the thermonuclear reactivity and thus approach as
much as possible on JET the burning conditions of ITER and
DEMO and other future fusion reactors. In JET D-T plas-
mas, for typical core T; ~ 10 keV, the fusion power always
has a significant contribution driven by non-thermal fusion
reactions, primarily ‘beam-target’ reactions between fast ions
from the NBI heating (injected at ~100-120 keV on JET,
close to the maximum D-T cross section, see e.g. [36]) and
thermal bulk ions, since NBI heating is the main source of
auxiliary heating on JET. With the addition of ICRH heat-
ing, D-T reactions also occur from collisions between the
Maxwellian bulk ions and the fast fuel ions accelerated by
RF heating, typically to E > 100 keV. The baseline scenario
(section 3.1), operated at high /p and plasma density, is char-
acterized by weaker NB penetration in the plasma and higher
thermal stored energy, Wy,, at comparable input power, there-
fore it maximizes the thermonuclear component on JET. In the
hybrid scenario (section 3.2), the beam-target component of
fusion reactions is larger, due to the lower /p and density and
thus more favourable NB penetration [37]. Exploiting these
different fusion performance drives, a third scenario, the T-
rich (15-85 D-T) hybrid scenario, was designed to maxim-
ize non-thermal D-T fusion power on JET with Be/W wall.
Confirming the predictions based on the underlying physics,
it achieved the highest sustained D-T fusion power in DTE2,
establishing the new world record of 59 MJ fusion energy [38].

3.1 JET D-T baseline scenario

The JET baseline scenario is based on the full plasma cur-
rent ITER scenario for the Q = 10 milestone. Since the

installation of the Be/W wall, the baseline scenario was con-
tinually developed in D plasmas to high Ip for operation at
qos ~ 3, beta values B, < 1, Bx ~ 1.8-2.0. After the ini-
tial JET-ILW phase, showing lower confinement than JET-C
for plasma currents >2.5 MA, good confinement properties
(Hogy,2) ~ 1) were recovered for Ip up to 3.5 MA and clear
progress was obtained for Ip = 3.6-4 MA for the maximum
heating power available on JET [12]. The JET-ILW baseline
scenario recipe relied on the use of trains of small D pellets
(diameter of 2 mm, length 2 mm, volume 6.3 mm?), injected
from the tokamak HFS with frequency f,e ~ 3040 Hz, to
obtain sufficiently high ELM frequencies (fgrm) to flush W
(and other high-Z impurities) from the pedestal region, thus
ensuring high-Z impurity and density control. With D pellet
pacing the resulting ELMs are not of type I, but of high fre-
quency/lower amplitude and compound nature. At high cur-
rent, Ip > 3.0 MA, the pellet ELM triggering efficiency is
reduced to ~50%-60% in baseline H-modes, but this is suffi-
cient to ensure adequate edge W control in deuterium plasmas.
The ‘flat’ density profile of the high current baseline scenario,
with high n.pgp and low n. peaking, hence low normalized
density gradient R/L,, results in radially outward neoclassical
impurity convection and thus a hollow high-Z impurity dens-
ity profile. As a consequence, a strong W impurity radiation
region is localized at the plasma low field side (LFS) near the
pedestal (and not in the plasma core), where it can be effi-
ciently controlled and flushed from the confined plasma by
ELMs with sufficiently high fgrm, as promoted by D pellet
pacing [39]. The use of pellets also allowed for lower D, gas
injection, compared to gas puffing only, so that steady H-mode
operation could be sustained together with good pedestal and
thus overall energy confinement, Hog(y ) ~ 1 [40]. Momentum
confinement is also improved with pellet pacing and lower
gas fuelling (and small ELMs) [41], as a reduction of pedestal
top density and concomitant increase in edge (and core) tor-
oidal rotation is observed, for given injected NB power and
torque. This is important for high Z impurity control, as mod-
elling of W neoclassical transport in the baseline scenario [41]
and hybrid scenario [42] has shown that strong rotation can
reverse the W convective flux from radially inwards to radi-
ally outwards at low collisionality. From a technical point of
view, relying on D pellet injection made the baseline scen-
ario more complex to execute compared to the hybrid scen-
ario, as simultaneous availability of maximum input power
and pellet injector were required. As these optimum JET plant
conditions could not always be delivered on demand and the
DTE2 campaign was time bound to the end of 2021, the D—
T baseline scenario experiments could not fully exploit their
allocated number of pulses. Attempts to increase the plasma
current from 3.5 MA to 3.8-4 MA were curtailed by the dif-
ficulty to routinely deliver sustained NBI power waveforms in
excess of 30 MW, required for H-mode operation at high /Ip.
Therefore, the plasma current for the DTE2 baseline scenario
was set to 3.5 MA, with By = 3.35 T for gy9s ~ 3 and core
ICRH H minority heating at 51 MHz.

Prior to DTE2, a few discharges in pure T plasmas were
executed to test the impact of higher isotope mass on the
scenario performance, to incorporate this knowledge in the
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subsequent adaptation of the D-T plasmas without excess-
ive use of T and neutron budgets for D-T scenario devel-
opment purposes. As JET is not equipped with T pellets (as
planned in ITER) and D pellets could not be injected in the
pure T campaign due to 14 MeV neutron budget restrictions,
the impact of higher isotope mass on the baseline scenario H-
modes could only be tested in two ways: (i) tritium H-modes
with gas puffing only (executed at 3.0 MA) and (ii) tritium
H-modes with H-pellet pacing, which, however, introduced a
significant (~11%-14%) H concentration in the plasma, even
with pellet frequency limited to 15-25 Hz. With gas puffing
only, it was demonstrated, as expected, that fgr\ decreased
significantly from D to T, leading to uncontrolled rise in dens-
ity and thus radiated power, so that the pulse had to be stopped
early to save on tritium consumption (as steady plasma condi-
tions could not be recovered, letting the discharge run further
would only have consumed more T without adding new sci-
entific value). However, also with H-pellet pacing it was not
possible to obtain steady T H-mode conditions [43]. It is still
unclear whether this was due to insufficient ELMs flushing
of high-Z impurities or different density profile peaking or a
combination of both.

A ‘predict first’ approach for the baseline scenario with the
JINTRAC [44] suite of codes coupled to the quasi-linear trans-
port model QuaLiKiz [45] was carried out to guide the pre-
paration of the scenario for 50-50 D-T. The modelling exer-
cise indicated good prospects for achieving Pgs ~ 10 MW
under a broad range of modelling assumptions, for input heat-
ing powers ~38 MW [46].

The best DTE2 baseline scenario H-mode (pulse #99948,
29 MW NBI + 4 MW ICRH) reached a peak fusion power
of 8.3 MW, with 60% of this power from thermal fusion
reactions and 40% from beam-target reactions, as calculated
by TRANSP/NUBEAM, and Hyg ~ 0.9 [43], see figure 1.
Excellent control of the required 50-50 D-T mixture was
achieved with D-pellet pacing and T gas injection, as well
as with D-T NBI. However, unlike the 3.5 MA discharges
in D, the scenario was not steady in D-T and could not be
sustained for the target duration of 5 s. While good H-mode
access was recovered after re-optimisation of this phase from
D to D-T, the discharge was stopped early (to save neutrons)
due to uncontrolled rise in density and high-Z impurity radi-
ation at the LFS. Analysis is ongoing to disentangle the effect
of increased density due to reduced particle transport in D—
T (and T) vs D from the effect of possibly less effective ELM
flushing in D-T plasmas at same pellet frequency as in D plas-
mas. Nonetheless, figure 2 shows that the peak fusion power
achieved in DTE2 by the baseline scenario at 3.5 MA (gold
stars) is in the range of the predictions based on D coun-
terpart baseline H-modes at the same input power and (con-
servatively) assuming pedestal conditions invariant with iso-
tope mass [43, 46]. Analysis and modelling are in progress to
understand particle and W impurity transport in the pedestal
region of the D and D-T baseline H-modes in view of extra-
polation of the JET results to ITER conditions.
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Figure 1. Best performing 50-50 D-T JET baseline scenario pulse
in DTE2 (#99948, 3.5 MA/3.35 T, 30 MW NBIL, 4 MW ICRH,
D-pellet pacing). From top to bottom panel: (1) NBI power, bulk
plasma radiation and ICRH power; (2) outer divertor Be II line
intensity used as ELM marker; (3) plasma stored energy; (4) D-T
fusion power; (5) core T, (from ECE) at pior = 0.0 and T (from
CXRS) at pior ~ 0.2.

3.2. JET D-T hybrid scenario

The so-called ‘hybrid scenario’ is an attractive operating scen-
ario for ITER long pulse operation, aimed at maximizing
neutron fluence with an extended burn time (z > 1000 s) for
testing technologies required by a fusion power plant, and
significant fusion gain Q > 5. It was proposed as an inter-
mediate, or indeed ‘hybrid’, operating scenario with lower
plasma current than the reference baseline scenario but higher
than in steady state scenarios, thus saving transformer flux
and allowing for longer operation in current flattop. Auxiliary
current drive systems would provide a significant fraction of
the plasma current, to extend the pulse duration. Thus, in the
ITER hybrid scenario the plasma current is driven by a com-
bination of inductive and non-inductive plasma currents [47,
48]. Early explorations of the operating space of the hybrid
scenario, e.g. in AUG [49] and DIII-D [50], found that with
reduced plasma current and modified current density profile,
higher normalized pressure and energy confinement ~20%—
50% above the confinement scaling for conventional H-modes
could be achieved, thus allowing for long pulse ITER oper-
ation at high fusion gain (Q ~ 10). An additional advant-
age of the ITER hybrid scenario at reduced plasma current
(~11 MA), compared to the baseline scenario (15 MA), is the
reduction in risks associated with disruptions [48].

The JET D-T hybrid scenario was performed at
~50-50 D-T isotope mixture, using D-T gas injection and



Nucl. Fusion 64 (2024) 112012 C.F. Maggi et al
15 " ) 02 T T T
4~ Extrapolation at 3.0 MA/28 T ‘
~# Extrapolation at 3.5 MA /3.3 T [ * '
—¥- Extrapolation at 3.8 MA/3.5T ¢ # *
Extrapolation at 4.2 MA/3.7 T o
¢ Extrapolation at 45 MA/3.7 T - 0.1} . i
10 Experimental data at 3.5 MA /3.3 T W ' * &
s L 8 | 3 >
= ! > < =
e Y S =
« KT = 00F----- .&. -
5 ~— #
5 i N ¢, w»
A < ¢ *
i a 5.
*
—0.1}F ; .
499950 (V) 1
% 22 24 26 28 % 2 3 33 33 40 4 * #100822 (V}'
Paux (MW]
| 0oLt #7781 (V) |
Figure 2. Comparison of D-T fusion power achieved in DTE2 by '_0. 2 —0.1 0.0 0.1 0.2

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. The predicted D-T fusion power at 3.0 MA/2.8 T (orange
up-triangles), at 3.8 MA/3.5 T (purple down-triangles), at 4.2 MA
/3.7 T (cyan circles) and at 4.5 MA/3.7 T (black diamonds) are also
shown. The error bars correspond to different assumptions on the
thermal conductivity in the pedestal. Adapted and reproduced from
[46]. © 2022 Crown copyright. Reproduced with the permission of
the Controller of Her Majesty’s Stationery Office. CC BY 4.0.

D-T NBI, at lower plasma current 2.3 MA/3.45 T, with H
minority RF heating at 51 MHz, shaped broad g-profile with
go> 1, gos ~ 4.8, beta values 3, > 1 and SBn ~ 2.6. It is
a type I ELMy H-mode at lower density, hence deeper NBI
penetration and peaked density profile, aimed at improved
MHD stability and reduced core transport for improved con-
finement, low collisionality and T; > T, [51]. Prior to DTE2
this scenario had never been run in D-T.

Its development on JET started at low plasma current with
the C-wall, then continued in the Be/W wall environment with
increase of Ip/Br, exploiting the neutral beam power upgrade
to sustain the appropriate beta values, and was successful in
solving the heat load challenges on JET-ILW with ~37 MW
of injected power [51]. The latter was achieved with divertor
strike point sweeping [52], which was sufficient in JET to limit
the surface temperature on the W-coated divertor tiles to below
1200 °C without deleterious impact on the pedestal paramet-
ers (different techniques will be needed in ITER to integrate
the heat exhaust with the hybrid scenario). Optimization of the
scenario in D in preparation of DTE2 demonstrated effective
control of high-Z impurity edge and core radiation with the
type I ELMy regime, deleterious core MHD avoidance and
achievement of high neutron rates [51]. In particular, achieve-
ment of edge ion temperature gradient screening of high-Z
impurities, counteracting the inward neoclassical convection
of impurities (proportional to Z Vn.), was key to achieving
steady high performance in the hybrid scenario with Be/W
wall. In D, a reversal of the impurity influx inter-ELM was

(ATiz/Tiz)i—ELMm

Figure 3. Change in high-Z impurity density inter-ELM (i-ELM) on
x-axis and intra-ELM (ELM) on y-axis in D-T (gold) compared to D
(blue and cyan). Positive numbers indicate radially inward direction
of the high-Z impurity transport. With this representation, a pure
screening pulse has points only in the upper left quadrant, while a
purely ELM flushing pulse has points only in the bottom right
quadrant. Reproduced from [51]. © EURATOM 2023. CC BY 4.0.

observed [53], such that the impurity fluxes are radially out-
wards inter-ELM and inwards intra-ELM, as predicted for
ITER [54-56]. Figure 3 shows that crucially, owing to care-
ful scenario development, such conditions were also achieved
for the D-T hybrid plasmas, thus securing the path to steady,
high D-T performance.

The choice of Ip < 3.0 MA was dictated by the need to
test a separate path to high D-T performance from that of
the high-current path tested by the baseline scenario. Increase
of Ip at constant P;, and By impacts impurity behaviour, as
it leads to improved pedestal MHD stability, hence decrease
of feLm. This leads to reduction of W transport radially out-
ward of the pedestal (‘impurity flushing’” by ELMs) not com-
pensated by sufficient reduction of inward W convection due
to the increased pedestal density, thus reduced density peak-
ing. At maximum input power the ELM frequency can only
be increased in JET either by increasing gas injection or by
adding pellet pacing (the latter being the strategy adopted by
the baseline scenario route). The hybrid scenario used gas
injection as main actuator, therefore an optimum balance had
to be found between plasma current and gas rate, to ensure high
enough /p, but low enough density for beam penetration, and
low enough gas injection to prevent net loss of fusion power
at high gas injection rates. The optimum plasma current was
found to be 2.3 MA for the maximum heating power that could
be routinely achieved within the allocated experimental time
(up to 30 MW NBI+ up to 4 MW ICRH with H minority heat-
ing at 51 MHz).
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The hybrid scenario development was accompanied and
guided by intense ‘predict-first’ modelling activities and peri-
odic validation tests with interpretive modelling of the new res-
ults obtained after each development step in D, as discussed
in [14]. In addition to predictions of confinement and fusion
performance for the steady state phase, state of the art multi-
channel integrated modelling was also performed to predict
the time evolution of the discharge, with particular emphasis
on core W transport, enabling prediction of the timescale of
core W accumulation and associated limitation of the scen-
ario’s high-performance phase [57]. Furthermore, predictive
modelling with a QuaLiKiz neural network workflow guided
the optimization of the plasma current ramp-up phase with
respect to increased impurity radiation when moving from D
to T plasmas [58].

Prior to DTE2, the hybrid scenario was tested in full T plas-
mas in the T campaign with high T-NBI to incorporate know-
ledge related to isotope physics and thus minimize precious
neutron and T budgets for the final optimization in D-T. This
entailed adjustment of the g-profile formation, re-optimization
of the H-mode access phase (including time of appearance of
the first ELM) and control of high-Z impurity radiation in the
main heating phase, all of which are differentin T vs D. In par-
ticular, the gas waveforms for the H-mode access phase had
to be re-optimized to compensate for the higher density and
lower ELM frequency (and thus higher radiation) in T vs D.
Comparison of D and T hybrid discharges with matched input
power and gas injection clearly shows that the energy confine-
ment is higher in T [51]. Thanks to this strategy, despite the
optimum operation point for high D-T performance being dif-
ferent from the one in D, the final optimization in D-T was
achieved fairly rapidly and led to D-T fusion powers exceed-
ing 10 MW for longer than three a-particle slowing down
times, 8.3 MW averaged over 5 s and a record fusion energy of
45.8 MJ obtained with a 50-50 D-T mixture (pulse #99950,
see figure 4) [51]. This pulse reached By = 2.5, Bpol = 1.4 and
Hogy,y ~ 1.2, typical of hybrid scenario H-modes. As calcu-
lated by interpretative TRANSP simulations, the fusion power
was ~60% from beam-target D-T reactions and ~40% from
thermal reactions (beam—beam reactions being negligible),
and ~2 MW of a-particle heating were generated in the early
phase of the discharge (before decaying later in the pulse). A
fusion gain of Qy, = 0.32 (defined as Pyys/P;,, with Pj, the total
input power) averaged over 1 s around peak performance and
=0.25 averaged over 5 s was achieved, with P;, = 33 MW. This
surpassed the previous JET record of Q;, = 0.18, steady for 5 s,
obtained in DTE1 with P;, = 23.8 MW [34]. However, while
the DTE1 shot with C-wall was steady (in terms of energy
confinement time), with the fusion power actually increasing
slightly with time due to a slight decrease of core plasma dens-
ity and concomitant increase in core Tj, none of the DTE2
hybrid pulses with Be/W wall were steady over the entire 5 s
duration, although high performance could be sustained. The
bulk radiated power slowly increased (ultimately leading to
core W accumulation at the end of the I, flat-top phase), pre-
ceded by increased density peaking, leading to decrease of

#99950 (DT)

Power (MW)

Stored energy (MJ)

[n(0)+n
~1.16-10° m3keV s

(01T, T(0)

Hege(v,2)

measured

total (TRANSP)

neutrons/sec (109

thermonuclear (TRANSP)

9
time(s)

10 12

Figure 4. Time traces of main parameters of the JET DTE2 hybrid
H-mode pulse #99950 (2.3 MA/3.45 T, 50-50 D-T), which set a
new record fusion energy of 45.8 MJ in a 50-50 D-T mixture.
Reproduced from [51]. © EURATOM 2023. CC BY 4.0.

fusion performance. In addition, a variety of NTM activity also
occurred, contributing to the degradation of the plasma stored
energy and of the neutron rate [51].

The maximum fusion power obtained by predictive quasi-
linear modelling, using different physics workflows and mod-
elling assumptions, is in broad agreement with the measure-
ments in DTE2 at the given input power [14], as shown in
figure 5, giving confidence in the capability of current trans-
port models to predict fusion performance from D to D-T.
However, it is important to note that not all features of reactor-
relevant D-T plasmas can be fully predicted at this stage with
integrated modelling. In particular, the presence of a signific-
ant population of a-particles in burning plasmas may intro-
duce additional physics, such as core turbulence suppression
by a’s, a condition which could not be tested in the JET
DTE2 plasmas due to the low fraction of a-particles gener-
ated, although some DTE2 experiments mimicked the impact
of fast particles on D-T plasma transport [59]. Furthermore,
the ‘predict first activity’ concentrated on core plasma pre-
dictions, either with simple scaling from D to D-T for the
pedestal or neglecting its dependence on isotope mass and
SOL conditions, due to lack of a fully predictive pedestal
model. These are two key areas where intensive efforts should
be invested.
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3.3. JET T-rich hybrid scenario for optimized non-thermal
fusion

The T-rich hybrid scenario was carefully optimized on JET to
maximize non-thermal D-T fusion and thus obtain the highest
fusion powers for the maximum available auxiliary heating,
test our understanding of the underlying D-T physics and gen-
erate high 14 MeV neutron fluxes, a-heating and «a-particle
pressure. This careful optimization of the JET heating meth-
ods and D-T plasma mixture was guided by predictive mod-
elling and capitalized on three key physics aspects: (i) D-NBI
heating at ~100-120 keV into T plasma; (ii) fast isotope ion
transport effect allowing control of the optimal D-T mixture
with the Be/W wall and (iii) D minority ICRH heating at fun-
damental (N = 1) harmonic, predicted to boost Py, by a further
~20% [38].

JET D-T fusion power extrapolations with TRANSP had
shown that whereas with 50-50 D-T NBI injection the optimal
fusion power is obtained for 50-50 D-T plasma, with D-NBI
heating into a T-rich plasma (i.e. with T/(D + T) concen-
tration maximized) up to 50% higher Py, can be achieved
than in an equivalent 50-50 D-T H-mode on JET. This is
because the JET NBI heating system operates at energies of
100-120 keV, corresponding to the maximum of the D-T
fusion cross section, see e.g. [36]. In the JET hybrid scen-
ario, with relatively low density and good NBI penetration
compared to the baseline scenario, high NBI heating deliv-
ers significant core particle fuelling. Indeed, a sizeable frac-
tion of the core density peaking is due to NBI fuelling in these
conditions. Conversely, gas injection predominantly fuels the
plasma edge. Therefore, in the 50-50 D-T scenarios, bal-
anced D-T NBI and D-T gas fuelling (from GIMs and TIMs)
ensured 50-50 D-T mixture over the whole plasma volume.
The T-rich scenario exploited instead asymmetric isotope fuel-
ling: D-NBI provided core D fuelling and the TIMs provided
T-gas injection at the plasma edge. Due to the fast isotope
transport effect (fast isotope mixing), which occurs in plasmas

dominated by ITG turbulence, as is the case in the core con-
finement region of JET, the equilibration time between isotope
ions is much faster than the particle confinement time, allow-
ing for the D-T ratio to be the same across the entire plasma
radius. With strong core particle source, as in the case of the
hybrid scenario, profile peaking of the total plasma density is
obtained, but not of a given isotope ion. Fast isotope mixing is
only observed in plasmas with multiple ion mixtures and core
ITG turbulence and was first demonstrated experimentally in
JET in mixed H-D H-modes at low Ip/Bt and low NBI-heating
[60] and explained by first-principle modelling [61].

ICRH can also contribute to D-T fusion via acceleration of
Dions, with (N = 1) and (N = 2) D resonance heating schemes
possible. However, of the two schemes (N = 1) is much more
efficient in generating fusion power, but only if the D concen-
tration is kept within ~10%-30% in the plasma core, as shown
previously in JET DTE], albeit not in combination of strong
NBI heating (see section 7). This RF scheme could be executed
in JET DTE2 with the hybrid scenario adapted to ICRH fre-
quency f = 29 MHz and operating at By = 3.86 T, instead of
3.4 T, and at Ip = 2.5 MA, instead of 2.3 MA, and was pre-
dicted to boost Py by an additional 20% compared to D-NBI
heating only [38, 62].

In preparation of the DTE2 experiment, isotope mixture
control was confirmed experimentally also at high D-NBI
power (~24 MW) and higher Ip/Bt (2.4 MA/2.8 T) in a ‘proof
of principle’ experiment with H-D mixture: D gas fuelling
was swapped with H gas fuelling mid-pulse, demonstrating
fast conversion of the plasma majority from D to H within
a single high power plasma pulse [38]. These results con-
firmed that in JET with Be/W wall the plasma isotope compos-
ition is determined by gas injection and isotope legacy is not
important (unlike in a tokamak with C-wall and thus higher
fuel retention rate). Interpretative TRANSP and JINTRAC-
QuaLiKiz modelling corroborated the experimental results,
confirming fast isotope mixing also at high NBI power [38].
The 3.86 T/2.5 MA (g5 = 4.8) hybrid scenario was also tested
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Figure 6. Comparison of the two best performing T-rich hybrid
pulses at similar input engineering parameters: #99971 (magenta),
with sustained high fusion power = 10.1 MW for 5 s and #99972
(green) with higher Pg,s = 12.5 MW for 2 s, but degrading later in
the discharge due to core impurity accumulation. Reproduced from
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in a pure T plasma with T-NBI heating and H minority ICRH
heating scheme at 54.5 MHz. Only minor modifications were
then required to port the scenario from pure T plasma to the
high fusion power D-T pulses.

The T-rich experiment, successfully executed in the final
phase of DTE2 after conversion of the 2" NBI box back to D,
carried out 8 T-rich pulses at high D-NBI power (~30 MW),
variable T-gas dosing and (N = 1) D minority ICRH, fully
demonstrating the underlying physics. The plasma D-T com-
position reached 15-85, as validated with high accuracy by
neutron spectroscopy [27], similar to that of the D-H test
pulses. Four pulses qualify as stable for 5 s. Seven pulses
exceeded the fusion energy record of 45.8 MJ obtained with
the 50-50 D-T hybrid scenario, of which pulse #99971 gener-
ated the new world fusion energy record of 59 MJ, see figures 6
and 7. We note that also the T-rich hybrid scenario, as the
50-50 D-T counterpart, is marginally stable to high-Z impur-
ity accumulation due to its characteristic density peaking.
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Figure 7. Comparison of world fusion energy records obtained in
JET DTEI1 (1997) with C-wall and in DTE2 (2021) with Be/W wall.
DTE2 pulse #99869 (2.3 MA/3.45 T), blue trace, was a hybrid
H-mode with 50-50 D-T generating 42 MJ of fusion energy and
pulse #99971 (2.5 MA/3.86 T), red trace, a hybrid H-mode with
D-NBI in T-rich plasma (15-85 D-T) to test maximum D-T
performance on JET via optimized non-thermal D-T reactions and
generating 59 MJ of fusion energy.

However, unlike the 50-50 D-T hybrid scenario, which is
a type I ELMy H-mode, the H-mode pedestal of the T-rich
scenario was unexpectedly different: it is not type I ELMy, as
evidenced by pedestal linear MHD stability analysis, and has
lower pedestal density and higher fg1p (~80-100 Hz) than the
50-50 D-T hybrid H-modes counterpart (therefore display-
ing a different isotope mass dependence than found in type
I ELMy H-modes, see section 6). Analyses are on-going to
understand the physics mechanisms driving these differences.
Overall, for similar values of the plasma stored energy, W gi,,
the T-rich hybrid H-modes delivered about 50% higher fusion
power than the 50-50 D-T counterpart hybrid H-modes, as
shown in figure 8, in line with modelling predictions carried
out in preparation of the experiments [38].

Although the T-rich scenario cannot be exploited for fusion
energy production in fusion power plants, where the plasma
heating must be self-sustained, it could be employed in smal-
ler size fusion devices operated as 14 MeV neutrons source.
However, more importantly, this JET DTE2 scenario acted
as testbed of a variety of D-T physics aspects which were
not previously tested in a tokamak. It is likely that a T-
rich, high Py hybrid H-mode could not be achieved in a
tokamak with C-wall, due to its large T retention, thus the JET
Be/W wall was probably key to the success of this scenario in
DTE2. Interpretative TRANSP modelling of JET’s D-T scen-
arios has shown good agreement between measured and com-
puted 14 MeV neutron rates for high performing discharges
with auxiliary heating power >20 MW [37, 63]. The T-rich
scenario, however, could not be fully modelled by TRANSP
due to its inability to model the RF acceleration of a large
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Figure 8. Measured fusion power versus plasma diamagnetic stored
energy for the T-rich hybrid H-modes at 2.5 MA/3.86 T (magenta
squares), 50-50 D-T hybrid H-modes at 2.3 MA/3.4 T (gold
circles) and 50-50 D-T baseline H-modes at 3.5 MA/3.35 T (gold
triangles). The data are averaged over the time window of
[9.0-10.0]s for the hybrid pulses and over the time window
[9.3-10.3]s for the baseline pulses to enable appropriate comparison
(see figures 1, 4 and 6 for representative time evolution of the three
scenario). Adapted and reproduced from [38]. © 2023 Crown
copyright, UKAEA. CC BY 4.0.

minority of thermal D ions. Instead, the interaction of the fast
D NBI ions with RF waves can be modelled in TRANSP via a
so-called RF ‘kick’ operator implemented in NUMBEAM [64,
65]), which communicates to NUBEAM the RF electric field
components and perpendicular wave vector for each toroidal
mode, as computed by the TORIC wave solver. Every time a
fast ion passes through a Doppler shifted resonance layer, it
receives a random ‘kick’ in velocity space [66], with average
kick amplitude derived from quasi-linear theory [67], while
the stochastic nature of the wave-particle interaction is repro-
duced via Monte Carlo random number for the phase of the
gyro-orbit. On the other hand, NBI and ICRF power deposition
and absorption profiles, including NBI + ICRF synergy, could
be fully modelled for the T-rich scenario using the ETS work-
flow, with modelling results in agreement with experiment [38,
62], as benchmarked by neutron spectroscopy measurements,
one of the many key JET upgrades for DTE2 (see section 8).

4. Demonstration of ITER-relevant, Ne-seeded
radiative scenario in D-T with a Be/W wall

JET-ILW experiments in 2021 in deuterium plasmas con-
tinued to address the integration of a radiative divertor for
heat load control with good plasma energy confinement.
Excellent progress was made with Ne as extrinsic radiator,
demonstrating a steady Ne-seeded ITER baseline scenario on
JET with Hogy2) ~ 0.9, Bx ~ 2.2, high Greenwald density
fraction fgw ~ 0.7 and no ELMs [68]. The scenario was per-
formed in ITER-relevant configuration at high triangularity
0 = 0.35, with strike points on the vertical divertor targets, at
2.5 MA/2.7 T (g95 = 3.0). The auxiliary heating was provided
by NBI and RF H minority heating at 42 MHz, with best results
obtained at the highest total input power of Py, = 34 MW.
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Figure 9. Integrated Ne seeded ITER baseline scenario in JET
DTE2 with Be/W wall (red traces) compared to its unseeded D-T
reference (blue traces). From top to bottom panels: NBI and ICRH
input power; total radiated power; plasma stored energy; Be II line
intensity at 572 nm from inner divertor, as ELM marker; outer
divertor (vertical) target surface temperature from IR camera,
showing strongly reduced divertor temperature with Ne seeding.

The main features of the integrated Ne-seeded scenario are the
reduced pedestal density and increased pedestal temperature
and plasma toroidal rotation shear, leading to improved energy
confinement compared to the unseeded reference plasma, as
the combined effect of higher pedestal temperature, ExB shear
stabilization and Ne impurity-induced stabilization of core
ITG turbulence more than offset the increased plasma dilution
at higher Z.g with Ne seeding [69]. This Ne-seeded deuterium
plasma was thus the reference point for porting the scenario to
D-T, as a first of a kind demonstration of core-edge integra-
tion in a tokamak with metallic wall and D-T fuel (we recall
that neither JET DTE1 nor TFTR D-T experiments had tested
plasmas with impurity seeding).

In JET DTE2, an integrated, Ne seeded radiative H-mode
was successfully demonstrated for the first time in a 50-50 D—
T mixture with the ITER-like Be/W wall [68]. The steady, 5 s
long, ELMy H-mode pulse achieved partially detached diver-
tor plasma, strongly reduced divertor temperature compared to
its unseeded counterpart, high radiation fraction, beta values
Bp < 1 and By ~ 1.6, high electron density with fgw ~ 0.7,
T; ~ T, and small/high frequency ELMs, confirming Ne as
a promising extrinsic radiator for ITER. The main charac-
teristics of the JET DTE2 Ne seeded scenario are shown in
figure 9. Unlike in the JET scenarios for high fusion power
at lower fuelling rates (presented in section 3), where adapta-
tion of the scenarios from D to D-T was required to react to
changes induced by the increase in isotope mass, a steady Ne
seeded H-mode plasma could be ported essentially one-to-one
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from D to 50-50 D-T without tuning of fuelling rates, Ne
seeding rates or H-mode entry phase. The only notable excep-
tion was a limitation of the operational domain introduced by
the NB re-ionisation heat load on the Be limiter in D-T (and
T) [70], which ultimately limited the maximum NBI heating
power to ~23-24 MW at the high fuelling rates typical of
this scenario. As a consequence, the limited NBI power unfor-
tunately prevented reproducing in D-T a similar good per-
formance as obtained in D at higher input power, which is
required to achieve the optimum pedestal temperature needed
to benefit from improved confinement with Ne as extrinsic
radiator. Thus, when compared to the IPB98(y,2) scaling [71],
the thermal energy confinement time of the DTE2 Ne-seeded
plasma shown in figure 9 was modest, with H98(y,2) ~ 0.65
(we note that the H98 factor is quoted here simply to give an
estimate of how the achieved plasma stored energy, for the
given amount of heating power, compares to the standard H-
mode scaling, as it is well known that the IPB98 scaling was
not derived from plasmas at high radiated fractions). Due to
the above mentioned NBI technical limitations and the lack of
further experimental time in the DTE2 campaign, the D-T Ne
seeded scenario could not be optimized in 2021 (this optimiz-
ation was carried out in 2023 and will be reported in separate
publications). Nonetheless, the main scenario features, namely
the integration of partial detachment, strongly reduced divertor
heat loads and small/high frequency ELMs with Ne seeding in
a 5 s long, steady discharge were similarly achieved in D-T as
in D, providing very encouraging results for ITER [68].

5. Demonstration of clear a-particle effects

The fusion products of D-T reactions, a-particles, are born
with an average energy of 3.5 MeV and transfer their energy
to the thermal plasma (mainly electrons) during their slow-
ing down phase, thus providing the self-heating of a sustained
D-T burning plasma. Confinement of a-particles is there-
fore key to the efficient heating of the bulk plasma of a D-T
reactor. Due to their high energy, a-particles are also expec-
ted to be resonant with Alfvén waves. Redistribution of fast
ions can lead to enhanced fast ion transport and thus degrade
fusion performance in a reactor and also potentially damage its
plasma-facing components if a sizeable amount of energetic
particles are redistributed onto unconfined orbits during their
interaction with Alfvén waves. Therefore, obtaining measure-
ments of a-heating and a-particle driven effects in current D—
T experiments is crucial. Indeed, JET was designed from the
start with one of the main objectives being the study of a-
particle production, confinement and consequent plasma heat-
ing. Although a-particle effects were observed in TFTR D-T
experiments (1994-96) [6], JET DTEI results on a-particles
were somewhat ambiguous [72]. For this reason, in DTE2
emphasis was placed on designing experiments which min-
imized effects due to other fast ion populations and enabled
unambiguous observation of «-particle signatures in high
fusion power D-T plasmas.

A rich set of unique observations on «-particles were
obtained in DTE2 in reactor relevant conditions [59], enabled

#99801 (D-T) #100793 (D)
g 0F
= E Afterglow E
R E
B 3 T -
4.0E i
4 E !
= 35F i
> 30F '
o E 1
- 25F 1
E 1
2.0 !
c) T
3.0 .
. Neutron rate, 1/s h
] 2.0 i
'O— 1
1.0 :
1
0.0 |
10.0F d) T
>  80F '
© - 1
- 6.0 |
o £ 1
- 4.0 E :
2.0 |
7.0 7.2 7.4 7.6 7.8 8.0 8.2 8.4
Time (s)

Figure 10. Time traces of JET D-T pulse #99801 (red) vs its D
reference counterpart pulse #100793 (blue) at 2.3 MA/3.45 T: (a)
NBI heating power, with afterglow phase starting at t = 8.1 s
(marked by vertical dashed line); () central line averaged density;
(c) neutron rate and (d) core electron temperature by ECE.
Reproduced from [73]. CC BY 4.0.

by the new fusion diagnostics installed on JET since DTE1
[27]. In particular, neutron and ~-ray spectrometers, a 2D
neutron/y-ray camera for tomographic reconstruction of the
a-particle source and temporal evolution of its spatial profile,
a FILD with energy and pitch-angle resolution and a set of lost
a-particle collectors (Faraday Cups) with poloidal, radial and
energy resolution. In fact, a much richer variety of observa-
tions of a-particle driven instabilities was collected in DTE2
than anticipated when designing the experiments, highlight-
ing the vital need for a-particle studies for understanding and
prediction of burning plasmas.

5.1 «a-particle heating

Direct evidence of electron heating of D-T plasmas by -
particles was obtained in the NBI after-glow phase of transi-
ent high-performance scenarios with ITB, reaching maximum
Prys ~ 12 MW [73]. The core electron temperature was ~30%
higher in D-T than in the reference D plasma and in the after-
glow phase, namely the discharge phase with NBI switched
off, while the 14 MeV neutron rate kept decreasing, the core
electron temperature increased and then remained constant at
~10 keV for ~130 ms after NBI switch-off. This is direct
evidence that in the afterglow phase the 3.5 MeV «-particles
continued to transfer their kinetic energy to the plasma elec-
trons during the v slowing down time, since the D and T NBI
ions mostly heat the plasma bulk ions. Conversely, in the ref-
erence D plasma, both core T, and D neutron rate decreased
in the after-glow phase (see figure 10). Interpretive transport
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modelling with TRANSP of the D-T plasma and its D refer-
ence confirms the observation of a-heating. The thermal com-
ponent of the neutron rate dominates during both the high-
performance phase and the after-glow phase of the D-T dis-
charge. Conversely, in the D reference plasma the beam-target
component dominates throughout the entire NBI phase and in
the afterglow phase the neutron rate decays two times faster
than in the D-T plasma counterpart. In D-T, the «a-particle
power to electrons increases during the NBI heating phase and
continues to rise for ~200 ms in the afterglow phase, up to
~1.5 MW [73].

Heating of bulk electrons by fusion born a-particles was
also detected exploiting the dynamic response of T, to
ICRH power modulation using the fundamental D RF heat-
ing scheme in a T-rich hybrid H-mode with D-NBI (described
in section 3.3). The modulation of T; and of the fast D ions
(both D bulk ions and D-NBI ions) accelerated by ICRH leads
to modulation of a-heating, which in turn yields a signific-
ant phase delay (~40°) between the measured central 7. and
T; inside py ~ 0.3. The latter can only be explained by a-
particle heating and quantitative agreement with experiment
is obtained with the ETS/HCD workflow [74].

5.2. Observation of «-driven toroidal Alfvén eigenmodes
(TAEs)

TAEs are instabilities driven through resonant wave-particle
interactions with a-particles. As it is difficult to obtain a
sufficiently large a-particle population in JET to drive TAEs,
in order to maximize the chances of such effects to be observed
in DTE2, a scenario with transient ITB at 3.4 T/2.5 MA with
elevated safety factor gop > 1.5, NBI heating only and with
so-called ‘afterglow’ was developed in JET-ILW deuterium
plasmas [75], to be exploited in DTE2 experiments. No ICRH
was used in this scenario, to ensure that the only fast ion pop-
ulations exceeding the Alfvén velocity were those produced
in the fusion reactions. A TAE driven by a-particles, with
a-particle drive and thermal damping modelling consistent
with the observed unstable mode, was observed in JET D-T
pulse #99946 with ITB during the afterglow phase, ~50 ms
after NBI switch-off [76]. The TAE mode, detected with mag-
netics, reflectometry, interferometry and soft x-ray emission,
was located far from the core plasma, at the outer midplane,
and identified as being n = 3 or n = 4. Modelling indic-
ates it to be driven by both trapped and passing a-particles,
despite the a-particles originating in the plasma centre (see
figures 11 and 12). The detection of this weak mode at the
plasma edge of JET, despite the weak «-particle drive, was
possible because both NBI and radiative damping of the mode
were also small. A linear ideal stability analysis workflow with
high accuracy was required to interpret the JET measurements
and accurately predict the stability of the TAE with linear drive
Ylw ~ 0.3%, a challenging task, thus validating modelling
tools for ITER, for which stronger ~y/w drives of order 5% are
expected [76].
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Figure 11. Contour plot of a-particle density from TRANSP with
superimposed two typical 3 MeV orbits from trapped (red) and
passing (purple) resonances calculated by the HALO code.
Reproduced from [76]. © 2023 Crown copyright, UKAEA.
CCBY 4.0.

5.3. Excitation of Alfvén eigenmodes by «-particles with
bump-on-tail distribution

The excitation of Alfvén eigenmodes by a ‘bump-on-tail’
(BOT) a-particle distribution was also demonstrated in DTE2
[77]. To achieve this goal, experiments were carried out with
NBI-only heating (2.5 MA/3.7 T, NBI 10-15 MW, no ICRH)
to ensure that fusion-born a-particles would be the only ions
at MeV energies present in the JET D-T plasmas. The NBI
power was modulated on a time scale shorter than the a-
particle slowing down time, to enable modulation of the a-
particle source (given that the dominant component of the D—
T fusion power was from beam-target reactions) and thus sus-
tainment of a BOT a-particle distribution. The relative depth
of the NBI power modulation, rather than its absolute value,
was important for achieving a BOT in a-particle distribution.
In the D-T experiments, high frequency modes were detec-
ted in the TAE frequency range with interferometry, soft x-ray
and reflectometry diagnostics, and were localized close to the
magnetic axis. Measurements of fusion-born a-particles were
obtained with the FILD and Faraday cups. a-particle distri-
butions with BOT in energy were indeed achieved in certain
time intervals in these D-T plasmas, as confirmed by post-
discharge analyses with the Fokker—Planck predictive code
FIDIT [78] employed before the experiment for designing
the experimental scenario, as well as with the more complete
interpretative TRANSP code. However, no clear correlation
could be drawn between the phases with excitation of the
high-frequency modes and the time intervals with BOT. MHD
and kinetic modelling indicate that a core-localized TAE with
n = 9 is the likely mode to have been excited in the TAE fre-
quency range and was driven primarily by on-axis beam ions.
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Figure 12. Contributions by drive and damping to linear growth rates y/w of various TAE modes calculated by MISHKA from JET D-T
pulse #99946, indicating a-driven TAE observation for a mode with n = 3 or n = 4. Reproduced from [76]. © 2023 Crown copyright,
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Figure 13. (Left): spectrograph of density perturbations measured by the fast far-infrared interferometer in JET D-T pulse #99503. The
modes of interest (identified as a-driven TAEs—see right panel) are observed at f = 156 kHz at t = 7.55 s. (Right): calculated net growth
rates -y normalized to the wave frequency w for 21 TAEs with toroidal mode numbers n and lab frame frequencies f. The single net-driven
TAE mode, n = 9, with lab frequency f = 163 kHz and core localized, is marked with a square (net damped modes are marked with circles).
Reproduced from [79]. © 2023 Crown copyright, UKAEA. CC BY 4.0.

The smaller drive by a-particles pressure gradient is respons-
ible for the mode excitation, having provided sufficient, albeit
weak, drive to overcome marginal stability [79] (see figure 13).
A key aspect of the analysis was the use of full orbit calcula-
tions for both NBI and a-particles, as guiding centre calcu-
lations were found to significantly overestimate growth rates.
Short-lived modes were also observed in a wider frequency
range up to 450 kHz in these D-T plasmas and have been iden-
tified as on-axis kinetic Alfvén eigenmodes, which were pre-
dicted in the 1970s by [80]. These modes are likely to have
been driven by a BOT a-particle distribution, rather than the
radial gradient of the distribution function, and investigation
of their stability is the subject of follow-up studies.

5.4. «-particle losses

A variety of low frequency MHD modes were observed before
and during the after-glow phase in high performance D-T dis-
charges with only NBI heating and a-particle losses asso-
ciated to these MHD modes were observed with the FILD
and Faraday cups diagnostics. In particular, a large expul-
sion of 3.5 MeV a-particles, originating from the plasma
core and causing a decrease in core T, was observed in
the after-glow phase [81]. Numerical modelling is on-going
to interpret these observations. In the baseline and hybrid
D-T scenarios a-particle losses were found to be correl-
ated with fishbones activity [81]. High energy a-particle loss
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spikes, correlated to ELMs, were also observed and calcu-
lations of their orbits indicates that they are related to a-
particles lost at the boundary between passing and trapped
particles. A striking difference in the structure of a-particle
losses was detected by the FILD in plasmas heated by the
novel 3-ion (T-°Be-D) ICRF heating scheme (see section 8):
while the losses are core-localized in plasmas at Ip = 2 MA,
they exhibit a pattern with two maxima at different pitch
angles at Ip = 2.5 MA, the physics reason of which is under
investigation.

5.5. Novel fusion y-ray measurements

New fusion v-ray measurements were obtained for the first
time in a magnetically confined fusion plasma: 17 MeV ~-rays
from T (D,7y) He* reactions were measured in DTE2. This
~-ray emission offers the potential to be used as an additional/
alternative tool to the 14 MeV neutron rate for D-T fusion
power monitoring in a reactor [27, 81]. The difficulty of this
method stems from the very weak and not well known ~/n
branching ratio (~107°~107%) and the need for absolute cal-
ibration of the vy-ray detector. However, for DTE2 JET was
equipped with a set of fission chambers calibrated with high
precision and the carefully designed tangential y-ray detector
[82], so that the combined analysis of both neutron and ~-
ray emission measurements could determine the +/n branch-
ing ratio for tokamak D-T plasma conditions [81]. The ~y-ray
spectra obtained in DTE2 are also helping to refine the cur-
rent conceptual design of the radial -ray spectrometers for
ITER [27].

6. Clarify isotope effects on energy and particle
transport and explore consequences of mixed
species plasma

6.1. Isotope dependence of L-H power threshold and L-H
transition physics

First ever measurements of the L-H power threshold (P;_y) in
pure tritium and in D-T and H-T mixtures in a tokamak with
Be/W wall were obtained [83, 84], providing a wealth of new
information to validate L-mode transport and L-H transition
models. At a given line averaged density in the high-density
branch of Pp_y, the L-H transition occurs at lower edge power
flux with increasing isotope mass, but for very similar n, and
T, profiles (within experimental uncertainties) regardless of
effective isotope mass A.f or isotope composition [84]. At
is defined as: Aer = (cg + 2 ¢p + 3cr)/(cu + ¢p + c1),
with ¢; = ni/ne, for i = H, D, T. Furthermore, Py, at the
L-H transition (Pgep = Ploss — Pragpulk,» With Py the loss
power and Pqgpux the power radiated in the bulk plasma),
normalized to the ITPA L-H scaling [85], does not scale in
a simple fashion with Ag. Instead, it is different in plasmas
with the same A but different isotope composition, at oth-
erwise constant parameters (see figure 14): for instance, at a
given density, it is lower for a pure D plasma than for a 50-50
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Figure 14. P, normalized to the ITPA scaling [85] for D plasmas
vs Aefr for the L-H dataset at 1.7 MA/1.8 T (high density branch
only). Reproduced from [84]. © The Author(s). Published by IOP
Publishing Ltd CC BY 4.0.

T—H mixture, despite both plasmas having the same A = 2.
Furthermore, an offset linear relation is found between P,
and the effective heat transport in L-mode prior to the L-H
transition (see figure 15). These observations strongly suggest
that the edge L-mode transport determines the power (Pgep)
required to reach the critical profiles for the L-H transition,
as previously reported for H and D plasmas [86], and that
the isotope dependencies of P, are in fact ‘inherited’ from
the isotope dependencies of the edge L-mode transport before
the L-H transition. It was also observed that the value of the
line averaged density at which Py_g is minimum in JET-ILW,
Ne, min, decreases with isotope mass from to D to D-T to T [83],
consistent with earlier Pp_g results in H and D plasmas [86].
These observations suggest that it may be easier in ITER D—
T phases to access H-mode in T-rich plasmas [83]. Regarding
figure 14, we recall that the L-H transition power threshold
in JET-ILW is lower than the ITPA scaling [85] by 10%—50%
due to the ‘metallic wall effect’ found in JET with Be/W wall
[87] and AUG with W wall [88]. Furthermore, as discussed
in reference [83], the ITPA Pp_y scaling does not fit well the
JET-ILW L-H data.

6.2. Isotope dependence of H-mode pedestal and core
transport

Different experiments were executed in type I ELMy H-modes
to disentangle the impact of isotope mass from that of other
interlinked physics parameters on heat and particle transport,
as it is essentially impossible to only vary the isotope mass in
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experiment. In all such experiments, though, a strong increase
in pedestal particle confinement with A.¢ was observed, con-
firming earlier studies in H and D [86, 89, 90].

In one experiment in which key parameters known to affect
the pedestal behaviour were kept constant within technical
capabilities (normalized total plasma pressure Sy, ratio of sep-
aratrix to pedestal density 7egep/ne pEp, pedestal ion Larmor
radius and toroidal rotation), A.s was varied from D to T
at constant injected gas rate in type I ELMy H-modes [91].
To ensure plasmas at similar Sy ~ 1.5 as A was varied,
the input NBI was operated in feedback control, resulting in
higher Pngp; in D than in T due to the increase in energy con-
finement with isotope mass. In turn this led to a variation in
ELM frequency (fgLm) with heating power and A¢g coupled
together, though it is shown that in large part fgpm increased
with power. In the experiment, an increase in pedestal pressure
was observed from D to T, primarily driven by a large increase
in pedestal density, due to steepening of the density gradient,
as shown in figure 16, while T, ppp weakly decreased with At
(Tipep ~ Tepep). The experimental observations indicate a
reduction in inter-ELM particle transport with increasing A,
supported by initial, linear gyrokinetic modelling of the D and
T H-mode pedestals, and in qualitative agreement with recent
global non-linear gyro-kinetic simulations of JET-ILW H and
D type I ELMy H-mode pedestals [92]. It is to note, however,
that a difference in the particle source when A is increased
from D to T (which could not be quantified in the experiment)
cannot be excluded. Whereas the pedestal collisionality, * peq,
increased by a factor of two from the D to the T plasma, based
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on previous scaling [93, 94] such a variation is not expected to
have impacted on the results of this experiment, as discussed
in [91].

In the D-T scan, improved pedestal stability with increas-
ing A is found when resistive (rather than ideal) linear MHD
is used to model peeling-ballooning modes for the ELM onset
[91, 95], in qualitative agreement with the observations. The
experimental and modelling results indicate that both a reduc-
tion in inter-ELM pedestal particle transport and an improve-
ment in pedestal stability from D to T (see figure 17) are
required to interpret the pedestal changes with A.¢. We note
again that these JET T and D-T experiments were carried out
in type I ELMy H-mode, however ITER, DEMO and other
fusion reactors will need to operate at high pedestal pressures
but without large type I ELMs to ensure the divertor compon-
ents lifetime. Therefore, understanding—both via experiments
and via theory and modelling—and predictive capability of the
isotope dependence of pedestals without ELMs or with accept-
ably small ELMs is required.

In a different set of experiments in H, D, T and ~50-50 D—
T, with gas scans at fixed input power, Ip/By = 1.4 MA/1.7 T
and Sy varying from 1.0 to 3.0, a different isotope mass scal-
ing is observed for the pedestal density depending on the
gas fuelling rate: in tritium ne pgp increases without degrad-
ing the pedestal pressure, in contrast to D and H plasmas
(see figure 18) [96]. The pedestal energy confinement time
TEhPED = W pED/Psep 1s found to decrease with ELM fre-
quency, fgrm, independent of isotope mass, although the low-
est values of 7g npep and highest fgr are found for H ped-
estals. Indeed, the ELM characteristics are different in H,
D, T, in particular fgrm (T) < feem (D) < fem (H) for
pulses with the same engineering parameters, consistent with
earlier findings in H and D [86]. The plasma core thermal
energy confinement time 7 core (With T core = Wincore/Psep
and Wy core = Win—W pep) increases with pedestal pressure
for all isotope masses due to kinetic profile stiffness (and due
to electromagnetic turbulence stabilization at higher Sy val-
ues). It is interesting to note that when T'pgp and 7, pep can be
matched by varying gas rate and plasma shaping at constant
heating power of 10 MW, Ty, core 1s similar with all isotope
masses (see e.g. at Wy, pgp ~ 0.8-0.9 in figure 19). At higher
pedestal stored energies, typically obtained at higher heating
powers, T and D-T plasmas have higher 7, core than H and D
even with matched pedestal stored energies (see figure 19). For
tritium, this 7, core improvement is primarily due to the unique
combination of higher . pgp and moderately lower T’ pgp than
in H and D and higher VT/T to transport the same amount
of heat [96]. These measurements are broadly reproduced
by quasi-linear flux driven simulations using ASTRA-TGLF
(SAT2), which exhibit only a weak negative mass dependence
on core transport (Wi, core ~ A~%19), with the pedestal experi-
mental values (which strongly depend on A.¢) set as bound-
ary condition. However, the quasi-linear modelling overes-
timates the core heat and particle transport with increasing
B for all isotopes. A strong correlation is also found for the
ratio of modelled to measured core stored energies, Wi, core
(TGLF)/Wihcore (EXP), vs the total heat flux normalized to
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heat flux in gyro-Bohm units, Qi,/Q,p at por = 0.5. Indeed, it
is shown that ASTRA-TGLF (SAT?2) overestimates the trans-
port for increasing Ox or decreasing Qio/Qgg, resulting in
underprediction of the core stored energy. Since low Qi/Qgp
values correspond to conditions close to turbulent threshold,
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a few pulses in tritium at Sy ~ 1 and low Q (albeit closer
to Py than the rest of the dataset and not in the type I
ELMy regime) were added for comparison (see figure 20), as
they break the correlation of high Sy and low Qy/Q,g in the
dataset. As can be seen in figure 20, ASTRA-TGLF (SAT2)
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overestimates the transport also for these plasmas. The under-
prediction of Wi core 18 due to underprediction of all channels,
ne, Te and Tj, with similar magnitude. In view of applicabil-
ity of current quasi-linear modelling to predict the perform-
ance of future fusion devices, this JET-ILW dataset represents
a very valuable and unique test bed for modelling validation
and efforts are required to pinpoint the physics in TGLF at the
origin of its discrepancy with experiment in the regime of low
gyro-Bohm heat fluxes. While future fusion reactors will be
predominantly heated by a-particles, non-linear stabilization
of core turbulence by a-particles is not yet implemented in the
QL models, nor this effect could be tested against this partic-
ular JET dataset due to the negligible a-particle population in
these plasmas.

6.3. Divertor target power loads in T vs D type | ELMy
H-modes

First measurements of divertor target power loads in tritium
were obtained in JET type I ELMy H-modes with Be/W wall.
Careful analysis of IR thermography data showed that both the
transient ELM energy fluence and the inter-ELM power fall-
off length ()\y) are very similar in tritium and reference deu-
terium plasmas, within measurements uncertainties, without
explicit isotope mass dependence [97]. These results give fur-
ther confidence in current scaling law predictions for divertor
power loads, which are only based on deuterium experiments.

6.4. Isotope mass scaling of core L-mode transportin D vs T

A dimensionless isotope mass scaling experiment was
achieved in L-mode with dominant electron heating between
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3.0

D and T plasmas with matched dimensionless profiles p;*, v*,
BN, q and T./Tj, yielding 28% higher scaled energy confine-
ment time in T [98]. While the isotope mass dependence is
negligible for the core particle transport channel, the scaled
effective heat diffusion coefficient is 50% lower in T. Local
GENE simulations and flux driven ASTRA-TGLF (SAT2)
simulations do not capture the measured isotope mass scaling
when changing isotope mass from D to T for same input pro-
files. On the other hand, a similar isotope identity experiment
previously carried out in H vs D had shown scaled energy
confinement time and scaled core heat diffusivity independent
of isotope mass and predictive JETTO-TGLF simulations in
agreement with experiment [99]. Further analyses are required
to clarify the origin of the different results in the H & D vs
D & T L-mode isotope identity experiments, with a possible
candidate being a stronger role of core ETG turbulence in the
D & T identity discharges, while ITG turbulence dominated
in the core plasma of the H & D identity pair.

6.5. Isotope dependence of core intrinsic rotation and Ohmic
energy confinement

The isotope dependence of intrinsic toroidal rotation and
ion heat transport was measured for the first time in all
three hydrogen isotopes, H, D and T, in JET Ohmic plas-
mas by means of main ion CXRS [33] providing important
information for improving predictions of intrinsic rotation and
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momentum transport in ITER D-T plasmas [100]. The mag-
nitude of core plasma rotation was found to depend on iso-
tope mass, with stronger co-current vy, measured in H (see
figure 21). For a given isotope, two rotation reversals were
observed as a function of density [100]. The first reversal of
Vior OCcurs approximately at the change of thermal energy con-
finement time from the linear Ohmic confinement (LOC) to
the saturated Ohmic confinement (SOC) regime [100]. The
critical density for rotation reversal does not depend on iso-
tope mass at low density but increases with isotope mass at
high density. The thermal energy confinement time increases
with isotope mass with scaling Tg4 ~ A%!® and the LOC-
SOC transition shifts to a slightly higher density. Furthermore,
it is demonstrated experimentally that the LOC-SOC trans-
ition occurs when the heat transport switches from electron
dominated to ion dominated [101]. The isotope dependence
of Tgw is only in part explained by the mass dependence
of the e-i equipartition power P._;~ (Z*/A) (n. ni/T.'>)
(Te — T;), thus the isotope mass scaling of the ion heat dif-
fusivity remains unexplained. Quasi-linear (TGLF-SAT?2) and
non-linear gyrokinetic simulations (ion-scale CGYRO) could
not reproduce the experimental trends with isotope mass.
Theoretical models of intrinsic rotation, based on turbulent
momentum redistribution, are independent of isotope mass
and therefore cannot explain the isotope dependence of the
intrinsic core rotation observed in JET. However, differences
in electron temperature and density profiles with different iso-
topes and/or an electron response to the turbulent fluctuations
which depends on isotope mass, if included in future model-
ling with e.g. global gyrokinetic simulations, could shed light
on the physics underlying the isotope dependence of intrinsic
rotation [100].
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7. Dependence of plasma-wall interactions on
isotope mass

71. Be and W erosion

First observations in a tokamak environment were obtained
of the impact of isotope mass on Be and W gross erosion,
providing crucial input for validation of predictions of Be and
W erosion and migration in ITER. In addition to the issue of
erosion per se of the Be wall components in ITER, a key con-
cern is the migration of eroded Be and formation of Be co-
deposits in the inner divertor [102], which would be the dom-
inant T-retention mechanism. Indeed, post-mortem analyses of
JET-ILW tiles after three successive campaigns have shown
that ~75% of fuel retention is found in the divertor, and spe-
cifically 60% in the area on top of the inner divertor [103]. In
JET, an increase in Be effective physical sputtering yield with
isotope mass was measured in dedicated H, D and T Ohmic
limiter plasmas, see figure 22. Spectroscopic measurements
were obtained at both HFS and LFS Be limiters with visible
cameras and at an inner wall Be limiter with a dedicated spec-
trometer LOS. The effective Be sputtering yield was obtained
from the ratio of Be II 527 nm line emission to the Balmer-v
line emission and S/XB coefficients from the ADAS database
[104]. The method employed to calculate the effective Be sput-
tering yield uses a constant value for the ratio of the S/XB
coefficients, given its weak dependence on n. and T, for the
JET Ohmic limiter plasma conditions analysed, as explained in
[105]. This approximation is dictated by the lack of Langmuir
probe measurements at the Be limiters and introduces an error
of up to +30% in the estimated effective Be sputtering yields,
which is deemed acceptable [104]. Figure 22 shows the Be
sputtering yield to first decrease with increasing density, as
T, and thereby the ion energy onto the limiter decreases, but
then to increase gradually before finally dropping further with
increasing density. The inflexion region of the sputtering yield
vs density is an artefact of the calculation, due to the use of a
constant value for the ratio of the S/XBs rather than a ratio
slowly varying with n, and T.. However, in the comparison of
Be sputtering yields of plasmas with different isotope mass
shown in figure 22 the relative uncertainties are reduced to
~=+15%, as the measurements are from Ohmic limiter plasmas
with very similar density and temperature. The JET measure-
ments confirm laboratory results with H and D ion beams
and material surface numerical simulations. The contribution
of chemically assisted physical sputtering (CAPS) to the total
Be gross erosion was also quantified in JET and found to be
independent of hydrogen isotope mass and to vanish for Be
limiter surface temperatures >400 °C-500 °C. The study of
Be gross erosion yield in JET L-mode and high-power H-mode
plasmas is in progress. Preliminary results indicate yields at
least one order of magnitude lower than those measured in
the limiter plasma experiments described above, in agreement
with [102]. The Be gross erosion yields are found to decay
with increasing clearance between Be limiter and last closed
flux surface, as well as with increasing plasma density, these
being parameters that induce a reduction in ion temperature at
the limiter surfaces.
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database. D data are obtained from two different campaigns
(marked in blue and cyan) showing excellent consistency. Data are
consistent with visible camera measurements, as shown in [104].
Reproduced from [104]. © EURATOM 2022. CC BY 4.0.

In JET with Be/W wall the W gross erosion from the
divertor is due to sputtering by impinging hydrogenic ions
and impurity ions, primarily Be (in the absence of extrinsic
impurity seeding) and is caused by a mix of intra-ELM
(Ein > 500 eV) and inter-ELM (Ej, < 500 eV) sputtering,
where Ej, is the impact energy of the impinging ions. Detailed
measurements of effective W sputtering yields were carried
out in H, D, T and D-T with optical emission spectroscopy
and confirmed an increase in total W source with isotope mass
[106]. Spectroscopic measurements of W CAPS were also
obtained for the first time in H, D, and T from WH, WD
and WT molecules, respectively (WH molecular band around
675 nm) [106]. Whereas this process provides an additional
channel for W erosion, it vanishes at low T, and its contribu-
tion to the gross W erosion is very low compared to physical
sputtering.

In L-mode, the threshold energy for W physical sputter-
ing (measured by the WI line emission at 400.9 nm relative
to the Balmer-~ line emission) was found to be comparable
in H, D and T plasmas. At low divertor T, < 40 eV (L-mode
and inter-ELM H-mode conditions) the main contribution to
the effective W sputtering yield is from impurities with low
Z.sr and is consistent with a Be ions concentration of 0.5%—
1%, with effective Be sputtering increasing with isotope mass
(as reported above). At high impact energies and for typical H-
mode edge Be concentrations <4%, the contribution of hydro-
gen ions sputtering becomes important and dominates for T*
ions over Be ions. In particular, intra-ELM W sputtering from
hydrogen ions is always negligibly low for H™ at all JET
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divertor temperatures, while it is dominant for D+ and TT over
Be ions. The total W source is found to be highest in T H-
modes, indicating that inter-ELM W sputtering is also caused
by T™ ions and not only by Be sputtering (at higher impinging
Be ions flux due to the stronger Be erosion in T).

Although the net W-erosion is small in JET due to high
W prompt redeposition, gross W erosion by charge exchange
(CX) neutral atoms in the far SOL, with poor W screening,
is predicted to be substantial. Two-dimensional (2D) predict-
ive simulations of W erosion in JET H-mode plasmas with
JINTRAC (for background plasma)/ERO2.0 (for W erosion
and transport) indicate perfect W screening in the divertor, but
a sizeable W source into the main plasma originating from the
vertical outer divertor plate (so-called Tile 8) due to sputtering
by energetic impinging CX fuel atoms [107]. The CX-induced
W sputtering increases with isotope mass and is thus highest
in tritium and is significant for intra-ELM phases. On the other
hand, there is no evidence so far from post-mortem analysis of
JET tiles that the top of Tile 8 is a W erosion area. Data ana-
lysis and modelling of W sources and screening as a function
of divertor strike point location, fuelling rate, ELM frequency
and main fuel isotope mass are on-going to benchmark model-
ling workflows currently used for prediction of W erosion and
transport in ITER D-T burning plasmas.

72. Isotope dependence of L-mode detachment and density
limit

Detailed spectroscopic measurements of L-mode divertor
detachment in JET-ILW in H, D, T and 40-60 D-T plasmas
show stronger detachment with higher A ¢ for the same core
plasma density [108—110]. While the onset of detachment at
the outer divertor occurred at the same core density for all
isotope masses, the L-mode density limit was 40% lower in
T. A stronger radial broadening of the SOL was measured
in T than in H plasmas at the outer mid-plane, leading to
increased interaction of plasma with the main chamber wall
[108]. EDGE2D-EIRENE simulations are qualitatively con-
sistent with the measurements and ascribe to the shorter ion-
ization mean free path of T neutrals, vs D and H neutrals, the
higher LFS divertor densities in T in partially detached con-
ditions. Importantly, the detachment behaviour was measured
to be independent of divertor cryo-pumping, confirming the
divertor conditions to be decoupled from the particle through-
put and that recycling determined the core plasma density
[109]. SOL density broadening in T was also observed in H-
modes, compared to D references, and is ascribed to enhanced
cross field transport. Such effects were found to increase NB
re-ionisation in tritium, affecting T operations [70, 111]. It
remains to be assessed whether such observations could imply
increased plasma-wall interaction, and thus higher wall heat
loads, in D-T vs D plasmas in ITER and future power plants.

73. Tritium clean-up and retention

After DTE2 in 2021 and the second part of the pure T cam-
paign which followed it in early 2022, a successful tritium
cleaning experiment, using a combination of different tritium
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different tritium cleaning techniques targeting different PFC areas. The upper line shows the evolution of the vessel wall temperature with
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cleaning techniques targeting a variety of PFC areas, provided
key input to ITER on the efficiency of fuel removal techniques
[112]. The T clean-up experiment also had the JET specific
task to reduce the T content into plasma to at least 1%, to
allow for subsequent plasma operation in deuterium within
the allocated 14 MeV neutron budget. The total amount of T
injected into the torus during the DTE2 and T campaigns in
2021/22 was 252 g, of which 17 g via NBI and 235 g via the
TIMs (in DTE1 35 g of T were injected into the torus [9]).
The cleaning sequence started with baking of the main cham-
ber walls at 240 °C and 320 °C, followed by superimposed
ion-cyclotron wall conditioning (ICWC) and glow discharge
conditioning (GDC) in deuterium (see figure 23), preferen-
tially accessing tritium retained in the main chamber. The final
part of the cleaning sequence comprised diverted plasma oper-
ation in deuterium with different strike points configurations
and ICRH or NBI heating at moderate power. In particular,
the inner divertor baffle region was targeted, which is known
to be the region of highest fuel retention, due to co-deposited
Be layers [103]. This series of T recovery methods, previously
tested successfully in 2020 for the wall change-over from D to
H ahead of the tritium experiments [113], succeeded in redu-
cing the tritium content into plasma to less than 0.1%, as quan-
tified by D-T and D-D neutron rate measurements, much bet-
ter than the goal of 1% [112]. The amount of T removed during
the clean-up experiment was estimated to be 0.67 + 0.03 g, in
good agreement with T accounting by AGHS, which recorded
areduction of 0.71 g in the unaccounted amount of tritium after
the clean-up experiment. In total, ~4 x 10?* T atoms were
removed from JET PFCs during the clean-up sequence, ~45%
by baking and 50% by ICWC and GDC. The remaining 5% T
was removed at the end of the sequence by limiter and diver-
ted plasmas. Numerical simulations with the erosion/migra-
tion code ERO2.0 are on-going to assess the re-deposition pat-
terns and dynamics of released material.

A further reduction of ny/np to ~0.02% was achieved dur-
ing the subsequent D cleaning campaign with high power oper-
ation (see figure 24) by the time the end of T-reprocessing in
the exhaust gases from torus and neutral beam injectors, and
the transition to normal D operation conditions, was approved.

Although the fast reduction of the T content in plasma is very
promising for ITER and a reactor, per se it only indicates low T
release into plasma and not necessarily low T retention in the
vessel walls. The T accounting by AGHS—which quantifies
the amount of T retained within the JET plant—is not com-
pleted yet and gas balance experiments in 2022 were incon-
clusive. Therefore, to this date, the in-vessel tritium invent-
ory after the DTE2 and T campaigns unfortunately remains
unquantified. Post-mortem analysis of JET PFCs will only be
possible at the end of JET’s operations in 2023. Consequently,
at present one can only provide an upper bound estimate of T
retention in JET with Be/W wall, based on results from gas bal-
ance analysis of D fuel retention from earlier JET-ILW cam-
paigns, which yielded a 2% fuel retention fraction [11]. With
this assumption, ~5 g of T would have been retained in-vessel
out of the 252 g injected. However, with AGHS still needing
to account for ~10 g of T to date, the current upper bound
of T retention fraction is ~4%. Until the results of the post-
mortem analysis of tiles after the end of JET operations are
known, the lower bound T retention can be set by the long-
term D retention in JET-ILW of 0.19%, as measured by earlier
post-mortem analysis [103], which would result in 0.48 g of
retained tritium. These results need to be compared with the
large T retention measured in JET with C-wall after DTE1:
initial T inventory of 40% of the injected amount of T of 35 g,
decreasing to ~17% (~6 g of T) after days of tokamak plasma
operation in deuterium [9]. The large T retention was due
primarily to co-deposited hydrocarbon layers in the divertor
[9, 114]. Similar, high levels of T retention in C-wall- ~50%
short-term fuel retention-were reported after the TFTR D-T
experiments in the mid 1990s [115]. These are unacceptably
high levels of T retention for a fusion reactor and it was this
experience that led to the decision to abandon C and choose
the Be/W combination as initial wall material for ITER. JET-
ILW experiments have indeed demonstrated a ten-fold reduc-
tion of fuel retention rates in D compared to reference pulses
in JET-C [11]. Furthermore, first results of ASDEX-Upgrade
with a full W wall and divertor had demonstrated since 2007—
2008 reduced D fuel retention compared to C-dominated
conditions [116].
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Figure 24. Decay of T content in plasma, as measured by D-D and D-T neutron rates, as a function of JET pulse number. Left figure:
tritium content in divertor plasmas in the final two days of the T cleaning experiment (see sequence in figure 23), with different colour
symbols denoting the different divertor configurations used in the individual pulses (see [112] for details). Right figure: decay of T content
in plasma over the following months, with two D campaigns (green lines) separated by a He campaign. Data points along the red line in
right figure correspond to the data from the left figure. The error bars on the individual data points indicate the statistical uncertainty
dominated by 14 MeV neutron rates. The error bands in the left figure illustrate the conservative estimate of the systematic uncertainty of a
factor of 2, which is due to stability issues of 14 MeV neutron monitors and the response of fission chambers changing non-linearly with
incident neutron spectra [112]. Reproduced from [112]. © 2023 The Author(s). Published by IOP Publishing Ltd on behalf of the IAEA. All

rights reserved. CC BY 4.0.

8. Radio-frequency heating schemes for ITER D-T
operation

The high-performance hybrid and baseline scenarios in JET
DTE2 used the JET workhorse H minority (/D second har-
monic) ICRH heating scheme (at typically 51 MHz for
Br ~ 3.4 T), which has preferential electron heating. On
the other hand, the versatility of the JET ICRH system was
exploited in DTE2 to study the physics and relative perform-
ance of D-T ITER relevant RF schemes with preferential bulk
ion heating, integrated in steady, high performance hybrid H-
modes with Be/W wall [117]. This is a significant step com-
pared to DTE1, when these RF schemes were mainly tested in
ICRH-only H-modes at low density with a C-wall [118, 119].

8.1. Second harmonic heating of T and ®He minority heating

Second harmonic (N = 2) ICRH heating of T majority ions
is the reference RF heating scenario for ITER full magnetic
field (Bt = 5.3 T) D-T plasmas and coincides with *He minor-
ity heating at fundamental resonance (N = 1) at a wave fre-
quency of 53 MHz at 5.3 T [120]. In DTE2, the (N =2) T
RF scheme, at f = 32.5 MHz, was integrated and character-
ized in 50-50 D-T hybrid scenario H-modes at 2.3 MA/3.4 T
(with 50-50 D-T plasma and 50-50 D-T NBI, as described in
section 3.2). It led to high core ion heating and fusion per-
formance, an encouraging result for ITER. Hybrid H-mode
plasmas with simultaneous *He RF heating gave best results
with 3He concentration <2% (measured by the high-resolution
Penning gauge in the sub-divertor plenum [30]), with 3He
introduced in the vessel by gas injection. It is to note that an
intrinsic *He concentration of order 0.2%-0.4% was already
measured in JET D-T plasmas before *He gas injection into
the vessel, attributed to the CH — 3He + 8~ + ) tritium
decay. RF modelling showed that even such a low intrinsic 3He
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concentration can induce sizeable changes in ICRF power par-
titioning with (N = 2) T RF heating due to up to 30% absorp-
tion of the wave power by the *He minority [117].

While the integration of the RF schemes into steady, high
performance hybrid scenario H-modes was very successful,
the main challenge of these experiments was the poor repro-
ducibility of input NBI power (22-28 MW) and RF power
for direct comparison of the performance of the different RF
heating schemes from pulse to pulse. In particular, Picry
decreased with decreasing RF frequency, due to a reduction
in RF antenna coupling resistance, from ~4 to 4.5 MW when
using 51 MHz for H minority heating/second harmonic D heat-
ing to ~3 MW when using 32.5 MHz for 3He minority heat-
ing/second harmonic T heating [20]. Furthermore, the ITER-
like ICRF antenna was not available for DTE2 [20]. Despite
these limitations, it is possible to conclude that in 50-50 D—
T hybrid H-modes, (N = 2) RF heating of T yielded up to
30% higher fusion power than with H minority heating at
comparable total input power and gas injection rate, while the
core T; was 30% and 20% higher with (N = 2) T and 3He
minority heating, respectively, than with H minority heating
[117]. NBI 4 ICRH modelling with PION [121] indicates that
such improvement was due to a 10%-20% increase in on-
axis bulk ion heating by ICRH, in addition to the NBI heating
(see figure 25). The RF modelling results were also suppor-
ted by experimental measurements of fast ICRF-accelerated
tritons obtained with the neutral particle analyser [122] and
with the magnetic proton recoil spectrometer (MPRu), espe-
cially upgraded for DTE2 [25]. For example, the time evolu-
tion of the estimated fast ion energy content due to ICRF heat-
ing, Wiy ~ (Picre Te>*/n.) matched the time evolution of the
neutral particle fluxes of tritium at E = 143 keV. Synthetic
neutron spectra generated by the DRESS synthetic neutron
diagnostic code [123], based on the fast ion distribution func-
tion from TRANSP, were compared to the measured MPRu
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Figure 25. Collisional bulk ion heating and bulk electron heating
power densities calculated by PION for JET D-T hybrid discharge
#99597 (Pngi = 27.5 MW, Picru = 2 MW) with (N =2) TRF
heating at = 9.0 s (plasma W4, = 8 MJ), w/o 3He and with *He
concentration of 0.2% and 0.4%. The small-dotted lines show the
simulation results for NBI-only. Reproduced from [117]. © 2023
The Author(s). Published by IOP Publishing Ltd on behalf of the
IAEA. All rights reserved. CC BY 4.0.

spectra to test the effect of ICRF-accelerated tritons on the
total neutron spectrum [63]. Figure 26 shows one such com-
parison for D-T hybrid pulse # 99886, with 50-50 D-T NBI
and N = 2 T ICRH heating. TRANSP modelling shows only
a very weak modification of the fast T NBI ion distribution
due to synergistic interaction with RF waves, resulting in no
enhancement of the neutron rate with NBI + RF compared to
the NBI only case and thus no good match with the MPRu
spectrum [63]. The reason for this discrepancy deserves fur-
ther investigation. For testing purposes, figure 26 shows that
a fast T ion distribution function with a trial RF tail of tem-
perature 80 keV, added to the dominant component from NBI
(from TRANSP), gives best match with the measured MPRu
neutron spectrum.

The results of the JET DTE2 RF studies are in contrast
with those from JET DTE1 ICRH-only H-modes, which indic-
ated poorer performance of (N = 2) T RF heating compared
to 3He minority heating. The better performance obtained in
DTE2 with second harmonic T RF heating is due to the lower
temperature in the tail of the distribution function of ICRF-
accelerated ions (~80 keV in DTE2 experimental conditions
compared to ~540 keV in DTEI), stemming from higher
plasma density, lower temperature and lower ICRF power
compared to the DTE1 discharges, which led to improved bulk
ion heating and more peaked ICRH power deposition pro-
files. The DTE2 RF results are promising for ITER, where
the (N = 2) T RF scheme would be the only auxiliary heat-
ing scheme providing dominant bulk ion heating. An addi-
tional valuable aspect of the DTE2 RF studies has been the
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Figure 26. Neutron spectrum measured with the upgraded magnetic
proton recoil spectrometer (black points) and comparison with
spectra from TRANSP simulations with only NBI slowing down
(dashed blue line) and with NBI + trial RF tritons tail (solid blue
line), with tail temperature of 80 keV (JET D-T hybrid discharge
#99886). Reproduced from [117]. © 2023 The Author(s). Published
by IOP Publishing Ltd on behalf of the IAEA. All rights reserved.
CCBY 4.0.

comparison of different NBI + ICRF modelling workflows
(CYRANO-FOPLA, PION-PENCIL and TORIC-TRANSP)
against experiment in conditions as ITER-relevant as possible
[117]. The range of modelling results obtained reflects the
uncertainties stemming from the differences in the ICRF codes
used and should be born in mind when assessing the DTE2 RF
results or when using these codes to predict the performance
of ICRF scenarios in ITER and/or other future fusion devices.

8.2. Fundamental D minority heating

The injection of D-NBI ions in JET at energies of ~120 keV
in T-rich plasmas maximizes the beam-target fusion power
(see section 2), in accordance with predictive modelling per-
formed to guide the scenario optimization. Predictive simula-
tions had also shown that (N = 1) RF heating of D minority
ions can significantly boost the fusion reactivity in JET, since
both the thermalized D ions and the fast D-NBI ions are accel-
erated to energies which are optimal for the D-T reaction cross
section. While the beneficial effect of the fundamental D ICRH
scheme on thermal D minority ions in tritium plasmas (without
NBI) was identified in JET DTEI experiments [3, 119], this
scheme had never been tested in high performance H-mode
discharges with D-NBI heating. In 2021, fundamental D ICRH
heating at f = 29 MHz (for By = 3.86 T, see section 3.3)
was tested for the first time in high power JET D-T H-mode
discharges, providing efficient ion heating and strong fusion
power enhancement in the T-rich hybrid plasmas with high D-
NBI (see section 2), confirming the expectations from predict-
ive modelling [38]. RF/Fokker—Planck simulations including
NBI & RF synergies disentangled the different contributions
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profiles for the different plasma species; (right) fusion power density profiles with NBI-only heating (dashed lines) and with NBI + ICRH
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to the record neutron yields obtained in these plasmas [38, 62].
The ICRH absorption was found to be very localized at the
plasma centre inside py; < 0.3 and to be dominated by the bulk
D and D-NBI ions. The fusion power enhancement with RF is
of order 20%, as shown in figure 27 [38, 62], and is almost
equally split between the acceleration of D-beam and D-bulk
ions (total Py, increases from 9.8 MW to 12.3 MW). Looking
ahead, fundamental D RF heating is expected to work well in
50-50 D-T in fusion reactors with high 77, as e.g. shown in
preliminary simulations for ITER (Br = 5.3 T, f = 40 MHz)
[124], without the need to rely on the wave absorption of D-
NBI ions as in JET.

8.3. Three-ion (T-°Be-D) heating scheme

A novel 3-ion (T-Be-D) RF heating scheme, profiting from
the RF heating of the intrinsic *Be impurity ions at the fun-
damental resonance [125], was achieved for the first time in
50-50 D-T L-mode plasmas. It demonstrated efficient core
plasma heating, with an increase in both core 7; and T.,
increased stored energy and neutron rate, sawtooth stabiliz-
ation and generation of fusion-born a-particles. This scheme
was also successfully applied in a D-T H-mode in the last day
of DTE2, in plasmas generating 8 MW of fusion power sus-
tained for 2.5 s for an input power of 29 MW NBI and 1.7 MW
3-ion scheme ICRH.

9. Summary and conclusions

In this article we have presented an overview of the key physics
results obtained in the recent tritium and DTE2 campaigns in
JET with Be/W wall.

These experiments have demonstrated the integration of
sustained, high D-T fusion performance of ELMy H-modes
with the Be/W wall, a necessary and key step towards realiza-
tion of Q = 10 in ITER. In particular, three high fusion power
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D-T scenarii were developed in D and realized in DTE2,
investigating different fusion performance drives: (i) the 50—
50 D-T baseline scenario at high plasma current (3.5 MA)
and ggs ~ 3 maximized thermal fusion performance, yielding
up to 8.3 MW peak fusion power in line with predictions for
the given input power. Although steady and with high con-
finement in D, this scenario was stopped by excessive LFS
edge radiation in D-T and lack of experimental time preven-
ted its further optimization; (ii) the 50-50 D-T hybrid scen-
ario at 2.3 MA/3.4 T (g9s ~ 4.8) achieved a best sustained
fusion energy of 42 MJ, with 40% thermonuclear neutrons. A
key aspect was the optimum balance between high perform-
ance and impurity control, for which maintaining a hot pedes-
tal is a necessary requirement. Edge W impurity screening, as
predicted for ITER, and enhanced by strong rotation and low
collisionality was demonstrated in JET; (iii) the T-rich (15-85
D-T) hybrid scenario was designed to maximize non-thermal
fusion power on JET. Consistent with modelling predictions
based on the underlying physics, it achieved the highest sus-
tained D-T fusion power, establishing the new world record
of 59 M1 fusion energy.

A core-edge integrated, Ne seeded radiative H-mode was
demonstrated for the first time in a 50-50 D-T mixture with
the ITER-like wall. The steady, 5 s pulse, with naturally
small ELMs, achieved detached divertor plasma and strongly
reduced divertor temperature compared to its unseeded coun-
terpart, confirming Ne as a promising extrinsic radiator for
ITER.

A rich set of unique observations on «-particles were
obtained in DTE2 in reactor relevant conditions, enabled by
the new fusion diagnostics installed on JET since DTE1. Clear
a-particle effects were demonstrated in DTE2, by designing
experiments which minimized effects due to other fast ion pop-
ulations and enabled unambiguous observation of «a-particle
signatures. In particular, direct evidence of electron heating
by a-particles was obtained in the NBI after-glow phase of a
high performance ITB scenario.
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A variety of isotope experiments in T and D-T, com-
plementing earlier datasets in H and D plasmas, advanced
the understanding of the dependence of particle, heat and
momentum transport on isotope mass. First ever measure-
ments of the L-H power threshold in T and D-T with the ILW
were obtained. At a given density, the L—H transition occurs
for different edge power flux for different isotopes, but for the
same kinetic profiles regardless of isotope mass, confirming
that the L-mode edge plasma transport determines the power
(P1_p) required to reach the critical profiles.

Different experiments were executed in type I ELMy H-
modes to disentangle the impact of isotope mass from that of
other interlinked physics parameters on heat and particle trans-
port. A strong increase in pedestal particle confinement from
D to T was observed, confirming earlier studies in H and D.
At constant Sy and injected gas rate, the increase in pedestal
pressure from D to T was primarily driven by a large increase
in pedestal density due to steepening of the density gradi-
ent. Reduction in inter-ELM particle transport with increas-
ing A, as indicated by pedestal gyro-kinetic simulations, and
improved pedestal stability, as determined by resistive MHD
peeling-ballooning modes for the ELM onset, are found to
be in qualitative agreement with observations. In other type
I ELMy H-mode experiments, the plasma core thermal energy
confinement time 7Ty, core Was found to be similar for all iso-
tope masses (H, D, T, D-T) when Tpgp and nepgp could be
matched by varying gas rate and plasma shaping at constant
heating power. At higher pedestal stored energies, typically
obtained at higher heating powers, T and D-T plasmas have
higher 7 core than H and D even with matched pedestal stored
energies. For tritium, this 7y, core improvement is primarily due
to the unique combination of higher n.pgp and moderately
lower T pep than in H and D and higher VT/T to transport the
same amount of heat. The measurements are broadly repro-
duced by quasi-linear flux driven simulations using ASTRA-
TGLF (SAT?2), with the pedestal experimental values (which
strongly depend on A.¢) set as boundary condition. However,
it was found that the quasi-linear modelling overestimates the
core heat and particle transport both at high (8x ~ 2.5-3) and
very low On ~ 1 for all isotopes. Efforts are thus required to
pinpoint the physics in TGLF at the origin of its discrepancy
with experiment in these conditions.

First observations in a tokamak environment were obtained
of the impact of isotope mass on Be and W gross erosion,
providing crucial input for validation of predictions of Be and
W erosion and migration in ITER. A successful T cleaning
experiment, using a combination of different T cleaning tech-
niques targeting different PFC areas, provided key input to
ITER on the efficiency of tritium removal techniques.

The versatility of the JET ICRH system was exploited
in DTE2 to study the physics and relative performance of
D-T ITER relevant RF schemes with preferential bulk ion
heating, integrated in steady, high performance hybrid H-
modes with Be/W wall. In particular, the heating perform-
ance of the w = 2w, (T) scheme was improved compared to
the DTEI results, which is positive news in view of ITER.
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Fundamental D heating was tested for the first time in high
power H-modes, providing efficient ion heating and strong
fusion power enhancement in the T-rich hybrid plasmas. A
novel 3-ion (T-?Be-D) RF heating scheme was achieved for
the first time in D-T, demonstrating efficient core plasma heat-
ing and generation of a-particles. The comparison of differ-
ent NBI + ICRF modelling workflows against experiment in
conditions as ITER-relevant as possible provided invaluable
insights on the validity of the codes used to predict the per-
formance of ICRF scenarios in ITER and/or other future fusion
devices.

By exploiting JET’s unique capabilities, namely the large
machine size, T handling and Be/W wall, combined with
extensive heating and diagnostic enhancements since DTEI,
the JET T and DTE2 experiments have provided an excep-
tional source of physics and engineering data to improve
theory-based models, support fusion technology and acceler-
ate ITER’s research plan. Perhaps the most significant out-
put of the experiments is the validation of current models and
physics workflows in unique and ITER-relevant conditions.

The JET DTE2 experiments have demonstrated highest
ever fusion energy production, in conditions closest to ITER as
we can reach with any fusion facility in the world. Combining
different levels of modelling complexity and promoting the
combination of experiments and predictive modelling work-
ing together was key to obtaining reliable predictions of D-T
plasmas starting from D plasmas. While modelling predictions
of the D-T fusion power on JET-ILW have been broadly con-
firmed, giving confidence in fusion power predictions of ITER
and future reactors, the model validation activities have also
highlighted areas for improvement of self-consistent predict-
ive modelling of D-T fusion reactors. In particular, the pres-
ence of a significant population of a-particles in burning plas-
mas may introduce additional physics, such as core turbulence
suppression by a’s, a condition which could not be tested in the
JET DTE2 plasmas due to the low fraction of a--particles gen-
erated. Plasma rotation profiles were typically not predicted,
but input from experiment, therefore more efforts should be
invested towards maturing predictive capability of momentum
transport, especially in conditions of low/no external torque
input, as will be the case for ITER, DEMO and fusion power
plants. The impact of MHD and Alfvén Eigenmodes on plasma
energy confinement should be integrated in predictive mod-
els, as well as self-consistent predictions of impurity sources
and radiation. Furthermore, the ‘predict first activities’ con-
centrated primarily on core plasma predictions, either with
simple scaling from D to D-T for the pedestal or conservat-
ively neglecting its dependence on isotope mass and SOL con-
ditions, due to the lack of a fully predictive pedestal model
encompassing self-consistently isotope mass dependence and
W pedestal transport. These are key areas where intensive
work should be concentrated in the near future.

Although this article refers to a set of first analyses of the
JET T and DTE?2 results published in 2023, it is expected that
the unique wealth of data collected will generate further and
more detailed analyses in the years to come.
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