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Abstract: |n its lifetime of around 40 years of scientific operations, Joint European Torus
(JET) has performed three full-scale DT experimental campaigns: one in 1997 (DTE1) and
two more in a relatively quick succession in 2021 (DTE2) and 2023 (DTE3). One of the
goals of these campaigns, apart from studying a variety of physics effects relevant to DT
plasmas, was demonstration of fusion power at large scale compatible with JET
specifications. The focus was also made on the sustainability of the plasma, i.e. ability to
keep the fusion power at high amplitude for extended duration of time: 5 seconds,
matching the engineering limits of JET. This was found to be especially challenging after
tungsten plasma facing components were implemented during the ITER-like wall
upgrade in 2009-2011. In DTEZ2 the highest performing plasma (from the released fusion
power point of view) has demonstrated E«,=59MJ of fusion energy from a single
discharge. The fusion power averaged over 5 seconds interval was <Pgs>5:=10.TMW. In
the final DT campaign DTE3 the scenario performance has been extended to Ess=69M)J
from a single discharge and <Pqus>s5s=12.4MW. The average fusion power generation
efficiency averaged over the same period was <Q>s5:=<Py,s>/<P;y>=0.36. The main goal of
the additional high fusion power pulses in DTE3 was to demonstrate better sustainability
of the discharges, asin all cases in DTE2 where the maximum fusion power was reached,
the plasmas suffered from core impurity accumulation. This was only partially
successful, as the progressive cooling down of the plasma core due to excessive core
radiation could not be avoided, but was slowed down sufficiently to demonstrate
significantly higher <P¢,s> over the desired 5 second period.



1. Introduction

Future magnetic confinement fusion plants will be generating power from
thermonuclear reactions which will take place in a close to 50/50 D-T mixture plasmas
with ion temperatures up to at least Ti~20keV and density as large as attainable,
ne~102m=3or higher. This parameter combination has never been achieved in the
present-day machines, and only two tokamaks so far, TFTR and JET, were able to do
experiments with D-T fuel mix. ITER is expected to be the first burning plasma
experiment with the fusion power generation efficiency, Q=P+«s/Pin~10. ITER operations
are currently expected to begin in 2035 [1].

For the fusion machines which cannot routinely achieve efficient thermonuclear burn
conditions, a significant proportion of generated fusion power can come from so-called
beam-target reactions, those between relatively cold (T~5-10keV) plasma ions and
suprathermalions which resulted from auxiliary plasma heating. Although energetic
ions from any source contribute to the fusion reactions, the principal source is from
Neutral Beam Injection (NBI) hence the desighation "beam-target". Depending on the
exact plasma parameters and configuration of the heating systems, the contribution of
the beam-target reactions can vary significantly and may even constitute the majority of
the total fusion reactivity.

The JET tokamak in its latest configuration was equipped with a combination of NBl and
lon Cyclotron Resonance Heating (ICRH) which both produced a fastion population in
the plasma, therefore the beam-target component of the total fusion power has always
been significant, around 50% depending on the plasma scenario. In JET DTE2 (2021) the
so-called Tritium-rich scenario was developed, which was designed to maximize the
beam-target reactivity to reach the highest total fusion power [2]. This scenario also
demonstrated sustained plasma with high fusion power generated during the target 5
seconds duration. The total fusion energy produced in the most successful pulse was
E«ws=59MJ, which at the time was the highest fusion energy produced in a single
controlled nuclear fusion experiment.

The final D-T campaign at JET (DTE3) took place in 2023. Even though demonstration of
high fusion power was no longer the main goal of the experiments [3], a few more
Tritium-rich pulses were executed and even higher fusion power output achieved, with
E«ws=69MJ energy released in a single pulse #104522 and <Q>~0.36 (see Figure 1). The
main motivation for repeating the experiments was to support Volumetric Neutron
Source (VNS) physics studies which were initiated by EUROfusion in 2022-2023 [4]. VNS
concept is similar to the principles of the T-rich scenario: achieve high beam-target
reactivity in a relatively small plasma volume which is otherwise not capable of
sustaining high thermonuclear reactivity. That machine should be able to achieve
DEMO-relevant neutron fluences on the first wall at low construction cost and tritium



consumption rate, therefore can be used to test critical fusion reactor components
prior to building a full-scale demonstration plant.
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Figure 1: Examples of Pxs time traces from different DT campaigns at JET

This paper is organized as follows: section 2 gives a brief overview of the Tritium-rich
scenario concept and its efficiency of fusion power generation, section 3 summarizes
the experience with Tritium-rich pulses completed in DTE2 and describes motivation for
further studies, in section 4 the outcomes of the latest experiment in DTE3 are
described, section 5 is dedicated to the discussion of the results and conclusions will
be follow in section 6.

2. Tritium-rich scenario.

Development of the Tritium-rich scenario for DTE2 is described in [2]. The main idea
behind the scenario is to sustain a population of energetic deuterium ionsin a plasma
composed mainly of tritium to maximize the number of D+ws->T reaction targets. The
main source of fast D ions is NBI heating, which is supported by ICRH at the
fundamental harmonic D resonance.

Fusion power generation efficiency in such a plasma is determined by a balance
between fast ion slowing down via Coulomb collisions with the background plasmaions
and electrons and the probability of fusion reaction. The first one can be calculated
using the Stix formula [5]:

aw __ _a _ 1/2
<——>=—_—pW (1)

Here W is the energy of the fast ion, the first term on the right side represents ion
collisions a=n*f(A,Z), Ai and Z; being mass and charge number of plasma ions and the
incident fast ions, and the second term — electron collisions B=n¢*f(1/T*?). dW/dx
represents the energy loss of the fast ion after travelling the distance dx. At the same



time, fast deuterium ions travelling distance dx through tritium plasma may release
fusion energy, with the average expected value of:

< B85 5w Gy (W) * 17.6MeV (2)

where nris the density of target tritium ions and opr(W) is the reaction cross-section as a
function of the fast deuterium ion energy. oor(W) is available in literature, for example in
[6] and is shown in figure 2a. Integration of <dE;,s/dx> over the whole slowing down
trajectory will give the total expected fusion energy from fastion injected into plasma
<Ews>, and the ratio of that value to the initial ion injection energy will be the fusion
power generation efficiency:

SBrus> _ 1, (O <Zrus oo 1 aw (3)
Einj Einj “W=Enj dx <dw/dx>

Q(Einjr Te) =

Calculated Q values for D-NBI injection into a pure tritium plasma for different T, values
are shown on figure 2b. As the D-T reaction cross-section has a distinct maximum at
~110keV, Q value also shows a maximum around 150-250keV and increases with the
electron temperature as the electron collision term in the equation (1) becomes weaker.
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Figure 2: a) cross-section of D-T reaction versus energy of the incident particle (D), with T
at rest. b) Beam-target fusion power generation efficiency for the case of D-NBI heating of
a pure tritium plasma at different electron temperatures.

Note that even at very high electron temperatures and optimal injection energy, the
efficiency is only around Q~2.5 which is too low for a purely beam-target fusion power
plant.

JET NBI heating system [7] injects D ions at three energy fractions: 110keV (full energy),
55keV (half energy) and 36keV(one-third) at ratios approximately 0.53/0.34/0.13. As one
can see from the figure 2b, the vast majority of the beam-target fusion reactivity comes
from the full energy ions; beam-target efficiency for the half-energy fraction is only
~15% of that at the full-energy and the 1/3" part can practically be ignored.



As the beam target fusion efficiency depends on the local electron temperature at the
location of the fast ions, the NBI power deposition profile in plasma has an important
role. Plasmas with lower density at the edge are more favourable as the neutral beam
penetrates deeper into the plasma where electron temperatures are higher. The JET NBI
system consists of two identical beamlines with 8 individual injectors each. Some of
these injectors are aligned off-axis with respect to the magnetic centre of the plasma,
so part of the injected beam power is not even aimed at the very core. In figure 3, power
deposition profiles of all three energy fractions are shown for the record fusion power
pulse #104522. One can see that the centre or mass of NBl power deposition for the
main energy fraction is located at r/a~0.4 where the electron temperature is around
Te~6keV. After summing up the contribution to beam-target reactions of all energy
fraction at this electron temperature, we find that the expected fusion power generation
efficiency for a pure tritium plasma with no impurities would be Q~0.43, which is close
to the experimental value of Q~0.38 at the higher performance phase of the record
discharge. It should be noted that this number mainly characterizes the configuration of
the heating system implemented at JET. With a more optimal alighment of the individual
NBI injectors and more power in the primary energy fraction injected, the achievable Q
number could be significantly higher, up to Q~0.8.

Te, keV

110keV

r/a

Figure 3: top: electron temperature profile measured with Thomson scattering in the
discharge #104522; bottom: NBIl power deposition profile for three energy fractions.

In the T-rich scenario at JET, ICRH heating at the fundamental harmonic deuterium
resonance was also implemented which additionally interacted with the fastions,
delaying their slowing down or even accelerating them beyond the initial injection
energy of 110keV. Calculating the fusion power generation efficiency for ICRH in these



conditions is more complicated and can be found e.g. in [8-9], in general it has similar
capacity to that potentially achievable by NBI heating, Qcru~0.6-0.7

3. DTE2 outcomes and motivation for further experiments

The Tritium-rich beam-target dominant fusion scenario has been successfully
demonstrated at JET during DTE2 (2021) campaign and produced record 59MJ of fusion
energy in a single plasma pulse, with <Px>=10.1MW over 5 seconds. Although,
maintaining high fusion performance over the whole main heating phase of the
discharges was not always possible. Every T-rich pulse where the maximum NBI heating
P(NBI)~30MW has been reached, plasmas suffered from core tungsten accumulation
and degradation of performance after around 2 seconds of the heating flattop.
Therefore, the maximum fusion power Pqs~12.5MW in this scenario could not be
sustained for the target 5 second duration.

Present day tokamaks with strong NBI heating usually exhibit high toroidal rotation and
peaked density profiles, due to the injection of particles and torque. These conditions
are very unfavourable for tokamaks with tungsten wall as the neoclassical transport
may result in strong compression of heavy impurities to the very core of the plasma [10].
This inturn may lead to a local negative power balance when the radiative losses from
the plasma centre exceed the amount of additional heating deposited there, which
leads to plasma cooling, reduction of local temperature gradients, suppression of
turbulent transport and then even stronger inward convection of tungsten. This process
is therefore self-amplifying and leading to eventual discharge termination.

Such conditions are specific to medium-size tokamaks and not expected to be
encountered in ITER or fusion power plants due to much lower relative core particle
source and injected torque [1]. Construction of a beam-target driven fusion machine for
qualification of essential DEMO components (mainly the tritium breeding blankets) is
now being re-considered as a vital step to the commercialisation of fusion power [4,11].
Fusion power in such a device will be generated in a manner that is very similar to that
demonstrated in the T-rich scenario at JET, with similar concerns over core impurity
accumulation. Therefore, additional experiments were performed during DTE3 to
address specifically the resilience of plasma to core tungsten accumulation observed
when NBI power exceeded a threshold of around 26-28MW.

As the amount of experimental time in DTE3 for the T-rich experiment was very limited,
the experimental strategy had to be focussed on a single approach. It was decided to
prioritize the effort on achieving the maximum possible ICRH power coupled to this
scenario, as it plays an important role in suppressing the tungsten accumulation in
these conditions by enhancing the turbulent transport and reducing the plasma density
gradients in the core. The role of the magnitude of ICRH power in maintaining of the
plasma sustainability in the T-rich scenario has not been studied in DTE2, but the effect



of ICRH modulation on the impurity accumulation was very evident in the power
modulation experiment conducted to demonstrate the alpha-heating [12]. Plasma in
the DTE3 version of T-rich scenario was moved by 1cm closer to the ICRH antenna to
improve the coupling, and more importantly an extensive conditioning of transmission
lines was performed prior to the experiment which allowed the system to run at higher
values of strap voltage, up to 38kV (typical maximum voltage was 30kV). This proved to
be technically successful as the ICRH power coupled to plasma has reached
P(ICRH)=5.5MW as opposed to 3.8MW in DTE2, nearly 40% increase.

4. T-rich scenario results in DTE3

The T-rich scenario was immediately reproduced in DTE3 on the first attempt in which
full power was available and confirmed its robustness to machine conditions. As the
DTE3 campaignh was already executed with full NBl heating in deuterium, additional
work in changing the species in one of the beamlines as performed in DTE2 was not
necessary. Three high-power pulses were performed in DTE3, each of which produced
more fusion energy than the previous record value of 59MJ in DTE2. Maximum NBI
power of 3B0MW was once again reached, similar to that of DTE2, but it was made with
fewer individual injectors (14 versus 15) which were run at slightly higher energy. A
summary of the pulses can be found in table 1 and the overview of the time traces in
figure 4.

Pulse number Efus, MJ P(NBI) P(ICRH)
104520 63 28MW 4.8MW
104675 66 28MW 5.5MW
104522 69 30MW 5.5MW

Table 1: summary of high fusion power T-rich pulses performed in DTE3
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Figure 4: overview of three T-rich pulses performed during DTE3. left: 104520 and
104675, sustained with no evidence of core impurity content growth; right: the highest
Ews=69MJ pulse 104522 with slow impurity accumulation.

Overall reliability of the NBI power was improved since DTE2 and the heating power
levels were a lot more stable over the whole heating window. Two pulses were run with
13 NBl injectors resulting in 28MW of P(NBI) power and did not exhibit the avalanche of
tungsten accumulation in the core, despite that one of the pulses had somewhat lower
ICRH power (see table 1). The pulse with the highest injected NBI power, #104522
achieved the highest fusion energy yield of 69MJ but showed impurity accumulation
triggered at around 2 seconds after the start of the main heating phase, therefore
repeating the results of DTE2 pulse #99972 with similar P(NBI)=30MW power [2].
Additional P(ICRH) in T-rich scenario achieved in DTE3 did not prevent core tungsten
accumulation and consequent discharge degradation in the record pulse but slowed it
down sufficiently to demonstrate high fusion power over the desired 5 seconds



duration. Note that (see figure 3) the majority of NBl power in these discharges is
deposited off-axis, therefore the effect of the core plasma cooling on the total beam-
target fusion power is somewhat delayed until the affected plasma volume becomes
sufficiently large.

5. Discussion of the results.

Tritium-rich experiments in DTE3 with better reproducibility and stability of delivered
NBI power have confirmed the conclusions of DTE2: for this scenario there is an
apparent threshold in the NBI power of around 28MW which triggers core tungsten
accumulation and eventual degradation of the discharge’s performance. Significant
increase in P(ICRH) did not change the threshold and did not delay the core
temperature roll-over. Some additional physics must play a role at the time of the
impurity accumulation trigger around theat2s.

The T-rich scenario used in this work has been adapted from the hybrid scenario
developed for the 50/50 D/T case [13]. It retained the pre-tailoring of the g-profile prior
to the H-mode entry to a shape with a broad low shear area in plasma core with central
go>1. The g-profile then evolved throughout the heating phase, with first fishbones
typically appearing at ~th.art2s. The following evolution of the g-profile depends on the
core electron temperature [2]. If impurity accumulation and core radiation is growing,
then due to plasma cooling and increased resistivity near the magnetic axis the core qo
value startto increase again and the fishbones disappear. If the accumulation was
avoided and the electron temperature profile remained peaked, then g, decreases
further with continuous n=1 mode appearing later in the discharge and eventual
sawtooth crash happening near the end of the main heating phase.

As the g-profile evolves, the time traces of the electron temperature from the Electron
Cyclotron Emission (ECE) in these plasmas also demonstrate changes in behaviour. All
high-performance T-rich pulses around theart1.1-1.5s show sudden increase in the core
electron temperature gradient, seen as a difference between the measured Electron
Cyclotron Emission (ECE) signals from r/a~0 and r/a~0.3 radial positions. The change is
always happening before the start of the fishbones activity. Similar behaviour has been
observed in JET hybrid scenarios before (see figure 5) and has been reported in [14]. It
was associated with triggering of Internal Transport Barrier (ITB) at g=1 surface.
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Figure 5: similar ITB phenomena observed in JET at different times; left: #104522 in DTE3
(2023), right: #51915 in JET-C (2000). ECE time traces are taken from different radial
coordinates for two cases as the line of sight of the diagnostic has changed between
2000 and 2023.

The core soft x-ray emission grows rapidly during the ITB phase and either stabilizes
soon after the core temperature reaches maximum (figure 4 left) or continues to rise
(figure 4 right) until the measurement is saturated. In the latter case the core impurity
accumulation and plasma central cooling is triggered.

Prior to the DTE3 campaign, the High-Resolution Thomson Scattering diagnostic (HRTS)
[15] has been realigned to the very core area of plasma and provided measurements
down to r/a~0 instead of r/a>0.2 available previously. Therefore, Thomson Scattering
profiles for the core ITB in the latest T-rich pulses become available in addition to ECE
time traces and are shown on figure 5 for the pulse 104522. The location of the ITB foot
at r/a~0.3 visible both on T and n. profiles. Unfortunately, the ion temperature
measurements in these pulses in the very core area are not sufficiently accurate to
conclude if the transport improvement also affects the ion channel. TRANSP [16]
simulations were performed for this discharge and showed significant reduction of the
electron heat transport inside r/a=0.3 during the ITB phase.
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Transport of heavy impurities in tokamaks has been subject of numerous studies for
almost two decades [10,17]. In the core part of the plasma, tungsten transport is
dominated by collisional effects (neoclassical transport) which in presence of a peaked
density profile and high rotation velocity typically causes strong inward pinch [18]. Even
in the presence of the neoclassical pinch, catastrophic tungsten accumulation could
be avoided by sufficiently strong turbulent transport in the core area. Application of
central ICRH or ECRH heating has been recognized as an effective way to suppress

tungsten accumulation in NBl heated highly rotating plasmas [19,20], as it serves three
goals:

- Localized electron heating helps to maintain positive power balance in the
presence of tungsten.

- Increases the intensity of the turbulent transport as more energy needs to be
transported outwards, thus amplifying its effect on tungsten.

- Intense turbulent transport reduces local density gradients produced by NBI
particle deposition, thus reducing the neoclassical impurity pinch itself.

The balance between collisional and turbulence effects on tungsten transport can be
affected by the presence of mechanisms which cause reduction or suppression of
plasma turbulence, observed in tokamaks in the form of Internal Transport Barriers. It
has indeed been suggested in theoretical studies [21] and observed experimentally on
JET [22] and more recently on EAST [23]. That explains the observations of tungsten
accumulation in the T-rich scenario in DTE2 and DTE3 campaigns, namely the
correlation between the core ITB formation and the timing of the start of the
accumulation as well as inefficiency of additional ICRH power on the ability to avoid it.

Once the T-rich discharge goes past the ITB phase around thesr+2s without excessive
amount of tungsten penetrated in the core, it seems to remain resilient to tungsten
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accumulation as even a strong transient impurity event observed in 104675 at around
t=10.5s (figure 4) did not ultimately affect the performance as the injected impurities
were eventually expelled. It is worth noting that the sustained pulses exhibit significant
core n=1 MHD activity after the ITB phase, which may contribute to the tungsten
accumulation avoidance. That unfortunately cannot be proven as in all the pulses with
impurity accumulation n=1 MHD activity was not present due to elevated go>1 which
was the result of the cooling of the plasma core.

6. Conclusions

The Tritium-rich scenario developed at JET in the 2" DT campaign has been reproduced
in DTE3. Three plasma pulses were done, each of which produced more fusion energy
than the highest performing pulse in DTE2. The best performing pulse 104522 achieved
a fusionyield of E«,s=69MJ in the whole pulse and <P:,s>=12.4MW over a 5 second
window, which is 2.3 MW more than the previous record pulse #99971 in DTE2.

The main difference between DTE2 and DTE3 experiments was in the level of coupled
ICRH power, which was increased by up to 40%. The motivation for that was to
demonstrate improved resilience to high-Z impurity accumulation routinely observed in
DTE2 pulses in plasmas where maximum available P(NBI)~30MW was delivered. This
was partially successful, as the pulse 104522 with P(NBI)~30MW did achieve the
highest fusion yield. Nonetheless, the impurity accumulation could not be avoided
completely but only slowed down sufficiently to extend the high fusion power phase to 5
seconds.

More detailed analysis of the pulses, supported by better diagnostic coverage
suggested that the particular T-rich scenario developed at JET was experiencing a
transient ITB near the time of the appearance of q=1 surface in the core. The ITB was
weak and localised to the very central part of plasma, therefore didn’t have a noticeable
effect on the plasma total stored energy and fusion power. Nonetheless, it seemed to
have had a profound effect on the impurity accumulation which was observed to
happen simultaneously. That can explain the inefficiency of the substantial increase of
the coupled ICRH power on avoidance of the accumulation.

Detailed modelling of tungsten transport in these conditions is outside of the scope of
this paper, but the JET data remains available and will be used in future for validation of
tungsten transport modelling for the Volumetric Neutron Source machine [24]
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