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Abstract

In JET-ILW, beam-target reactions contribute to a large fraction of the fusion power generated in
deuterium—tritium (D-T) plasmas, with core ion temperatures of 10-12 keV and large
neutral-beam injection (NBI) power. Previous modelling done in preparation for the recent
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D-T campaigns in JET have shown that injecting D beam ions with energies of ~120 keV in
T-rich plasmas produces larger 14 MeV fusion yield than in 50:50 D:T plasmas, but such
scenario had never been tested in past D-T experiments. In addition, the simulations showed
that fundamental ion cyclotron resonance heating (ICRH) of the D ions can significantly boost
the net fusion reactivity, since both the D-bulk ions and the fast D-beam ions are accelerated to
energy ranges that are optimal for the D-T reactions to take place. In the last JET D-T
campaigns (DTE2 and DTE3), dedicated experiments confirmed—for the first time—the
improved fusion performance of T-rich plasmas with high D-NBI power and highlighted the key
impact of fundamental D ICRH on the fusion performance. This new scenario led to the
world-wide D-T fusion energy record ever achieved in a fusion device and allowed to sustain
more than 12 MW of fusion power averaged over 5 s. The main results of these unprecedented
experiments will be presented and the NBI 4 ICRF physics responsible for the high fusion
performance achieved will be highlighted through numerical modelling.

Keywords: D-T fusion, beam-target, JET-ILW, NBI, ICRH

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

1. Introduction

Thermonuclear reactors rely on the bulk deuterium (D) and
tritium (T) fuel ions to reach sufficiently high temperatures
for efficient fusion energy production. Under these condi-
tions, fusion-born alpha particles are expected to produce suf-
ficient heating to sustain the ‘burning’ plasma thus minimizing
the need for excessive auxiliary plasma heating [1]. Another
approach is to heat one of the fuel ions to supra-thermal ener-
gies using neutral beam injection (NBI) or ion cyclotron reso-
nance heating (ICRH) while keeping the other fuel ion species
at lower temperatures than the ones required for optimal ther-
monuclear reactions. This is commonly referred to in the lit-
erature as beam-target fusion, where the ‘beam’ particles are
either the neutral beam injected ions (NBI) or the subpopu-
lation of the bulk fuel ions accelerated to high energies by
ICRH or both, including NBI + ICRH synergistic effects.
The best D:T isotope ratio for such scenario is not 50:50
D:T, as for thermonuclear fusion, the fusion yield being max-
imized when operating with larger fractions of the thermal
(target) ions. While this approach is not be efficient for a
steady state thermonuclear reactor, since the auxiliary power
P,ux has to be applied continuously hence limiting the fusion
gain Qps = Prus/Paux, it can be interesting for achieving the
burn-through conditions faster in reactor test facilities such
as ITER [2] and BEST [3] and is particularly attractive for
neutron source devices designed for plasma material research,
such as the Volumetric Neutral Source (VNS) [4].
Beam-target dominant fusion in tokamaks was already pro-
posed many years ago [5] and was recently demonstrated in
the JET-ILW tokamak during the second (DTE?2) [6] and third
(DTE3) [7, 8] deuterium—tritium experimental campaigns.
Tritium-rich hybrid plasmas with By = 3.85 T/Ip = 2.5 MA
and low core collisionality were heated with D-NBI an ICRH
resonating with the D ions in the plasma core [9, 10]. These
experiments featured the highest D-T neutron production in
DTE2 and in DTE3 and led to the world-record fusion energy
produced in a tokamak (Eg,s = 69MJ), with approximately
12.4 MW of fusion power for 5 s with Pxg; = 30 MW and

Picrg = 5.5 MW (Qyys 55 = 0.38). This scenario was chosen
after early numerical simulations indicated that this regime
was the most promising for enhancing D-T fusion reactions in
JET [10], since the injected D-NBI ions (Esouree = 110 keV) as
well as the acceleration of the Dyyx and Dyean ions by ICRH
are expected to drive a substantial amount of the D ions to
energies close to the maximum cross-section for D-T reac-
tions, E = 50-200 keV [11].

Figure 1 shows the D-T fusion power (a) and the
corresponding NBI + ICRF power waveforms (b) of a
series of T-rich hybrid discharges performed in DTE2
(blue) and in DTE3 (red). The full colour curves repre-
sent the fusion energy records obtained in DTE2 and DTE3,
#99971 (<Ppys> 55 = 10 MW, Egs = 59MJ) and #104522
(<Ppys> 55 = 12.4 MW, Egs = 69MJ), respectively. The light
colour pulses are other similar discharges illustrating the good
reproducibility of this scenario in both campaigns, with sev-
eral pulses producing large fusion energy values. Note how
the fusion power responds promptly to the input power wave-
form, a typical feature of a beam-target dominant fusion sce-
nario. Neutron spectroscopy measurements as well as numeri-
cal simulations show that ~80% of the D-T power comes from
NBI + ICRF driven ‘beam’-target reactions in these pulses, as
discussed in detail in [10, 12, 13]. The main improvement in
DTES3 allowing for higher fusion energies was the higher and
steadier input power, in particular in discharge #104522 which
featured steady Pnpr = 30 MW and Picrpg = 5.5 MW through-
out. The reduced fusion performance seen in the light-coloured
pulses around ¢ = 10 s are related to trips in the NBI power, as
can be observed in panel (b).

Going from a T-rich plasma to a 50:50 D:T plasma showed
a clear decrease in the beam-target fusion yield, not because of
the lower ICRF heating efficiency with large D fractions but
due to a combination of weaker Dy, acceleration and less T
target ions for the fast D ions to collide with. This was the first
time that fundamental D heating was applied to a 50:50 D:T
plasma, which is relevant for its potential use in ITER [14].

The physics governing the generation of the fast D ion tails
generated by NBI + ICRF heating in these experiments and
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Figure 1. D-T fusion power (a) and auxiliary input power (b) for
various T-rich discharges performed in DTE2 (blue) and DTE3
(red). Pulses #99971 and #104522 represent the fusion energy
records obtained in DTE2 and DTES3, respectively.

their impact on the total DT fusion yield in JET-ILW will be
discussed based on numerical simulations using the Heating
& Current Drive (H&CD) modules of the European Transport
Solver (ETS) [15-17]. The simulations results will be bench-
marked against the experimental findings from T-rich and from
50:50 D:T plasmas in JET, highlighting the optimal conditions
for beam-target 14 MeV neutron generation and clarifying the
reasons for the lower fusion performance attained with equili-
brated D:T isotope ratio.

2. The T-rich fusion record scenario

Hybrid plasmas [18] with low shear g-profile in the plasma
centre (g > 1, qo5s = 4-5) were used as backbone for the high-
performance T-rich scenario presented here [9]. High confine-
ment is obtained by exploring a high 3, regime while keep-
ing On relatively low to mitigate neoclassical tearing modes,
with a plasma current of Ip = 2.5 MA and a magnetic field
of By = 3.85 T, allowing for fundamental D ICRF heating at
f =29 MHz in the core. The plasma density is relatively low,
neo = (7-8) x 10" m~3, so that the NBI penetration is good
and the power deposition is peaked, leading to Tjy > T in
these discharges, where the critical energy is larger than the
beam injection energy [19]. Deuterium NBI [20] was used
(PnB1 ~ 28-30 MW, Eg e ~ 110 keV) and the discharges
were fuelled with T, gas only, leading to an isotope ratio of
approximately 15%D:85%T due to the D-NBI thermalization.
The isotope ratio was measured at the plasma edge by visible
spectroscopy but the core ratio is expected to be similar due
to the fast ion mixing effect demonstrated earlier in prepara-
tion of this experiment [21, 22]. This was later confirmed by
neutron spectroscopy measurements [10, 12]. A more detailed

description of the T-rich scenario, including the diagnostics
used for the various measurements is given in [9, 10].

Figure 2 compares the new T-rich fusion record shot
(#104522) obtained in DTE3 with the previous record
obtained in DTE2 (#99971). Both discharges were almost
identical from the engineering point of view except for the
input power (a): the NBI power is roughly the same (~30 MW)
up to ¢ = 9 s but the NBI set-up was different in the two dis-
charges. One injector (~2 MW) is lost in #99971 aftert =9 s
while the power remains constant in pulse #104522. In addi-
tion, the ICRF transmission lines were thoroughly conditioned
to operate at higher voltages in DTE3 allowing to increase
the ICRF power from Picrg = 4 MW to 5.5 MW in DTE3.
The impact on the central electron (b) and ion (c) tempera-
tures is small, but the fusion power is substantially increased:
During the matched NBI power phase (¢ < 9 s) with additional
1.5 MW of ICRH, about 1.5 MW of extra fusion power (e) is
produced (see figure 2(e)), most of it due to the stronger ICRF
acceleration of the Dy and D,y; ions, as will be shown in
de modelling section (figure 4). Later in the discharge, when
on top of the higher ICRH power discharge #104522 features
an additional 2 MW of NBI, the fusion power difference is
even larger reaching ~3.5 MW at t = 10 s. This shows how
efficient this heating scenario is for beam-target fusion power
generation, in particular when combined NBI 4 ICRH is used.
The plasma stored energy (f) is also higher in #104522 due to
wider temperature profiles and a larger fraction of fast particles
with more ICRH, as will be discussed later. The bulk radiation
(d) is also larger in #104522 as a consequence of the higher
input power leading to stronger plasma—wall interaction, but
the discharge is still stable from the impurity accumulation
point of view until # = 10.5 s. After this, the central electron
temperature starts decreasing (and the central SXR emission,
not shown, increases), but the impact on central 7; (c), Wp (f)
and Prygion (€) is still relatively small. At = 12 s there is a large
impurity event in pulse #104522 which leads to core impurity
accumulation, density peaking and a disruption after approxi-
mately 1.5 s. The slightly less performing discharges executed
in DTE3 also shown in figure 1 (#104520 with Eg = 63 MJ
and #104675 with Eg,s = 66 MJ), in which there was no impu-
rity event, did not suffer from impurity peaking and could be
successfully terminated around ¢ = 15 s.

Figure 3 compares the radial kinetic profiles measured in
pulses #99971 (o) and #104522 (L) at r = 8.6 s. The elec-
tron density (a) is comparable although somewhat less peaked
in #104522. The electron temperature (b) and particularly the
ion temperature profile (c), are clearly broader in the new pulse
but the NBI injector needed for central CX measurements was
missing so that the central T values estimated from CXRS
(at p = 0.15) are similar (figure 2(c)). The broader T; profile
observed in pulse #104522 is consistent with the broader NBI
deposition profile calculated by ASCOT (d) due to the differ-
ent NBI configuration used and also due to the increased off-
axis ICRF absorption calculated for pulse #104522, as will be
shown later.

In order to disentangle the effects leading to larger fusion
performance in #104522 (DTE3) with respect to the previ-
ous record pulse #99971 (DTE2), the experimental parameters
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Figure 2. Time traces of the best performing T-rich hybrid pulses in DTE2 (#99971) and in DTE3 (#104522): (a) NBI and ICRF power; (b)
central electron temperature (HRTS); (c) central ion temperature (CXRS); (d) bulk radiated power (bolometer); (e¢) D-T fusion power
(fission chamber); (f) plasma stored energy. The points in panel (e) show the fusion power calculated with the ETS H&CD simulations using

the experimental input parameters.
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Figure 3. Kinetic profiles measured for pulses #99971 (o) and #104522 ([J) at t = 8.6 s: (a) electron density (HRTS); (b) electron
temperature (HRTS); (c¢) ion temperature (CXRS); (d) NBI deposition profiles (ASCOT).

of discharge #104522 were used to perform NBI + ICRH
heating simulations using the H&CD module from the
European Transport Solver (ETS). In these simulations, multi-
species interactions are evaluated by solving coupled sets of

Fokker—Planck equations for all—thermal, ICRF-heated and
NB-injected—ion species adopting the non-linear collision
operator for arbitrary distribution functions. For a detailed
description of the numerical codes included in ETS, please
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refer to [15—17, 23-25]. The kinetic profiles were fitted from
a combination of the available diagnostics data and the equi-
librium was computed with a pressure constrained EFIT sim-
ulation. A radially uniform 15% deuterium concentration was
assumed, with 0.5% of beryllium and 0.1% of nickel. The
H&CD workflow was executed as follows: first, the NBI depo-
sition was computed using the ASCOT code [23] considering
the 3 beam energy fractions (E = 110 keV, 55 keV and 35 keV
at 50%, 30% and 20% of the NBI source rate, respectively) as
independent ion species. The NBI losses (reionizaton, shine-
through, etc) are discarded and only the remaining ‘slowing-
down’ power (Pnpr = 26.6 MW out of 30 MW applied) is
retained in the simulations. The ICRH power absorption pro-
files for all species (including the three NBI energy compo-
nents) are computed using the 2D full wave CYRANO code
[24], assuming Picrg = 5.5 MW is absorbed in the plasma
with f = 28.5 MHz and k; = 6.7 m~! (dipole phasing).
Finally, the obtained RF-fields and power absorption profiles
are used as input to the Fokker—Planck code FOPLA [25],
which computes the accelerated distribution functions of all
the ions (including self-collisions) and the collisional power
repartition of the ICRF and NBI power to the bulk plasma.
The fusion power is then calculated using the converged non-
Maxwellian distribution functions of all the ion species present
in the plasma. This procedure was already validated for the
T-rich DTE2 experiments [10] and has now been applied to
the new DTE3 experiments to identify the reasons for the
improved fusion performance observed in the latter.

The results are summarized in figure 4, where the NBI
deposition and the ICRH power absorption profiles (a) are
plotted together with the collisional power redistribution pro-
files (b) computed for pulse #104522 at t = 8.6 s. The ICRF
power absorption previously calculated for pulse #99971 (with
Picryg = 4 MW) is shown as dotted curves in figure 4(a)
while the total power absorbed by each species is compared
in the legend. One sees that most of the additional ICRF
power in pulse #104522 is actually absorbed by the Dyeyp, i0ns
(+1.2 MW) starting at pporm = 0.3 while only ~0.3 MW is
added to the bulk D ion absorption. This is due to the larger
off-axis beam population present in pulse #104522 which is
characterized by a broader NBI deposition due to the differ-
ent NBI settings (see figure 3(d)). It is interesting to note
that because of the localized nature of the ICRH absorption,
it represents a substantial heat source in the plasma centre,
with peak power density values comparable to the NBI ones
despite the almost 5 times lower power injected in the plasma.
The central ICRH absorption is still dominated by the bulk
D ions but the Dy ions absorb ~60% of the total ICRF
power due to their broad (Doppler-shifted) power absorption.
In figure 4(b), the dotted curves illustrate the collisional power
profiles obtained with NBI only for pulse #104522 with oth-
erwise identical parameters as the NBI 4+ ICRH calculations
(solid curves). Bulk ion heating is already dominant with NBI
only heating (Peec = 10.2 MW, Pj,, = 16.4 MW) since the
beams are injected with E ~ 110 keV and the critical energy
is about 150 keV in these conditions. From the additional
5.5 MW of ICRH applied, ca. 2.3 MW are collisionally trans-
ferred to the electrons and 3.2 MW to the bulk D 4 T ions. The

peaked power absorption by electrons in the plasma core may
be less interesting for fusion enhancement—since the critical
energy is already large enough for the beam ions to preferen-
tially collide with the bulk (target) ions—but is beneficial for
core impurity screening [26], rendering the high power ICRH
discharges more stationary than others with less ICRF power.
The fraction of ICRF power that contributes as bulk ion heat
source is also peaked in the centre and has a strong impact on
the core ion temperature and on the total fusion yield, as dis-
cussed later.

As shown before, the additional 1.5 MW of ICRH power
coupled to pulse #104522 as compared to #99971 had a strong
impact on the fusion performance (figure 2). In figure 5, the
D-T fusion power profiles calculated for pulses #104522 (a)
and #99971 (b) at t = 8.6 s are compared. They were com-
puted using the converged distribution functions of all the ion
species calculated by the Fokker—Planck code FOPLA after
several iterations. The dotted curves show the results obtained
without ICRH (NBI only) while the solid curves represent the
actual ICRH + NBI simulations with 5.5 MW and 4.0 MW
as in the experiments, respectively. The D-T neutron calcu-
lations for pulse #99971 (figure 5(b)) are shown for compar-
ison purposes only and were already discussed extensively in
[10, 27]. From figure 5(a) one sees that from the 5.5 MW of
ICRH power applied, a remarkable 3.5 MW are ‘converted’
into fusion power (Qrr = 0.64), with roughly equilibrated con-
tribution to the thermal + ICRH (Dyyx + Dragt) and to the
beam-target (including ICRF synergy) reaction channels. In
the plasma centre, the thermal + ICRH enhancement is larger
due to the efficient acceleration of bulk D ions to supra-thermal
energies, as reported in [10]. When compared to #99971 (b),
one sees that the extra +1.5 MW of ICRF power applied
in #104522 is primarily added to the beam-target channel
(~1MW), which is consistent with the larger Dy, absorption
shown in figure 4(a) due to the broader NBI deposition profile
computed for #104522 by the ASCOT code (figure 3(d)).

3. Impact of D:T isotope ratio on fusion power

To illustrate the advantage of a T-rich plasma scenario for
maximizing the beam-target D-T reactions and to assess the
influence of the fundamental D ICRF heating scheme on D—
T fusion enhancement, two similar discharges with different
D:T mixtures were executed: #104523 with 15:85 D:T and
#104521 with 50:50 D:T. In both cases the ICRH power was
modulated at 1 Hz to study the transient response of the plasma
to ICRF heating. The time traces of the most relevant quan-
tities are given in figure 6 (left). The NBI and ICRH power
waveforms (a) were similar in both cases (Pngr = 28/30 MW,
Picry =4 MW) but the fusion power (b) is about 2 times lower
in the 50:50 D:T discharge. The central ion temperature (c) as
well as the plasma stored energy (d) are also lower by 20%—
30% in the latter. Former fusion power calculations done prior
to the experiment 10] predicted a reduction of the fusion power
of ~30% when the isotope ratio was changed from 15:85 to
50:50 D:T, but they did not account for changes in the kinetic
profiles nor in the plasma confinement properties. The new
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Figure 4. (a) ICRH wave power absorption profiles for the different plasma species for the parameters of pulse #104522 (DTE3) at
t = 8.6 s. The dotted curves in (a) represent the profiles calculated for #99971 (DTE2); (b) collisional power transferred to the bulk plasma
for pulse #104522. The dashed curves in (b) represent the results obtained without ICRH (NBI only).
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Figure 5. Fusion power density profiles obtained with the H&CD ETS workflow for pulses #104522 (a) and #99971 (b). The dotted curves
represent the results with ~26.5 MW of NBI-only heating while the solid curves show the results with NBI + ICRH, with Picry = 5.5 MW

for #104522 and Picry = 4.0 MW for shot #99971.

calculations done with the H&CD ETS tools using the actual
kinetic profiles measured in these discharges with and with-
out ICRH agree very well with the experimental results, as
illustrated by the green points shown in figure 6(b). The right
panels in figure 6 show a blow-up of the time window used for
the ICRH modulation studies, in which the linear background
(dashed line on the left graphs) has been subtracted from the
relevant signals. The horizontal lines correspond to the ampli-
tude of the modulation of the various quantities computed with
an FFT including the 3 modulation cycles.

Itis interesting to note that the response of the plasma stored
energy (h) is similar in both cases, AWp = 0.7-0.8 MJ, which
suggests that the overall wave absorption did not change much
when the D concentration was increased. The RF heating effi-
ciency computed by break-in slope analysis [28] of the plasma
energy response to the ICRF modulation shows indeed very
similar results for the second modulation cycle, ngr = 1.0
(#104521) and ngrg = 1.1 (#104523), and a somewhat reduced
value in the third RF modulation cycle for the 50:50 D:T case

(nrr = 0.8), where the D concentration starts exceeding 50%
(not shown). The first ICRF cycle cannot be properly analysed
by break-in-slope in #104521 because of the NBI trips occur-
ring at the same time. The central ion temperature response (g)
is somewhat weaker in the 50:50 D:T case (AT;y ~ 0.8 keV
compared to AT;o = 1.1 keV) which points to the fact that the
wave absorption per species is different. The ICRH simula-
tions confirm that the Dy, absorption is reduced in the 50:50
D:T case while the Dy, absorption is increased (the overall
single-pass absorption (SPA) being similar), which combined
with the lower plasma temperature (lower critical energy) in
the 50:50 D:T case leads to stronger collisional electron heat-
ing. In the T-rich discharge, the Dyyx and Dpp; absorptions are
more equilibrated leading to a dominant collisional ion heating
scenario, similar to what was discussed in the previous section.
Note that the T-rich pulse #104523 is very similar to pulse
#99965 performed in DTE2 for which a detailed ICRH + NBI
analysis has already been reported in [10, 29]. Finally, the
variation of the fusion power with the ICRH modulation (f)
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Figure 6. Time traces of various signals comparing the fusion performance of a 15:85 D:T T-rich discharge (#104523) with a 50:50 D:T
discharge (#104521): (a) input power; (b) fusion power; (c) central ion temperature (CXRS, p = 0.2); (d) plasma stored energy; the panels
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lines in panels (f,g,h) for the 2 pulses.

is very different in the two discharges: In the T-rich pulse,
APicry = 3.6 MW leads to about APy =~ 2.0 MW where
in the 50:50 D:T case it only produces about APy, = 0.8 MW
(even a bit less in the last modulation cycle). The strong reduc-
tion in the fusion power enhancement with ICRH in the 50:50
D:T discharge is due to a combination of weaker Dyyx ICRF
power absorption and acceleration and the reduced number of
T ions available for the fast deuterons to collide with.

The fact that the overall power absorption of the ICRF wave
does not change much when the D concentration is increased
(as suggested by the analysis of figure 6(%)) is illustrated in
figure 7, where the power fractions absorbed per species com-
puted with the 1D TOMCAT code [30] are plotted as function
of the D concentration X[D] = np/n.. The solid black curve
represents the total power absorption of the RF wave in a sin-
gle transit through the plasma, commonly referred to in the lit-
erature as SPA. Similar results were obtained a few years ago
in the preparatory calculations performed for the D-T experi-
ments in JET [31].

The simulations show that while the Dy absorption
becomes weaker at higher D concentration (as expected due
to the more unfavourable RF field polarization close to the
cold IC resonance w = w.p), the Doppler-shifted NBI absorp-
tion as well as the Be absorption at the high-field side actually
increase, keeping the total wave absorptivity (or SPA) close to
100% up to an equilibrated 50:50 D:T isotope ratio. In these

ICRF wave absorptivity

1
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Figure 7. Normalized power absorption per species and total power
absorption (SPA) computed with the 1D TOMCAT code for the
experimental conditions of pulses #104521 and #104523 as function
of the deuterium isotope concentration.

conditions the beam ions absorb ~50% of the RF power while
the bulk D ions only about 20%. The enhancement in the Be
absorption at X[D] = 30%—-40% as well as the one of the
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Figure 8. ICRH power absorption profiles for the different plasma species for the parameters of pulse #104523 (15:85 D:T) and pulse

#104521 (50:50 D:T) at t = 8.8 s. Both cases with Pjcrr = 4 MW.

Dyeam 10ns at X[D] = 40%-50% is related to the D:T ion—ion
hybrid layer being more (or less) aligned with the respective
ion cyclotron resonances when the isotope ratio is modified,
similar to what is invoked for the 3-ion heating effect [32].

To further illustrate the changes in the power absorption of
the individual species when the isotope ratio is increased from
15:85 to 50:50 D:T, the ICRF power profiles calculated with
the H&CD module from ETS described earlier are shown in
figure 8 for pulses #104523 (left) and #104521 (right). The
experimental kinetic profiles of each discharge at r = 8.8 s
was used for the simulations and a total of Picrr = 4 MW was
assumed, corresponding to the maximum value of the ICRF
modulations (see figure 6). The results corroborate the simple
estimates shown in figure 7: The Dy, absorption is reduced
while the Dy, absorption is increased with a 50:50 D:T ratio
(#104521) as compared to the T-rich case (#104523) and both
the Be absorption as well as the NBI absorption are further
shifted off-axis (to the high field-side) because of the effect of
the ion—ion hybrid layer on the RF field polarization in this
region. These effects also explain the lower ion heating effi-
ciency observed in the 50:50 D:T case w.r.t. the T-rich case
(see figure 6(g)).

The H&CD model captures all the heating aspects observed
experimentally and hence provides a reliable prediction of
the different scenarios. This is illustrated in figure 9, which
compares the fusion power density profiles calculated for the
2 discharges in question with and without ICRH. The inte-
grated fusion power values for each case with NBI + ICRH
(Picry = 4 MW) and with NBI only heating (residual
Picrr = 0.3 MW, as in the experiments) are given in the
respective legends.

Figure 9 (left) shows a similar fusion power pattern as the
one discussed in section 2 for #99971 (figure 3), except that the
NBI power is lower (Pngr = 28 MW instead of 30 MW). The
ICRH power is the same (Picrr = 4 MW) but, because of less
beam particles in the plasma, the fusion power enhancement
caused by ICRH is slightly lower (APgs = 2 MW instead of

2.5 MW) and it comes roughly equilibrated in terms of ther-
monuclear (Dyyx acceleration) and beam-target (Dy,; acceler-
ation) reactions. For the 50:50 D:T case (figure 7-right), the
situation is dramatically different: In the absence of ICRH and
despite the 2 MW higher NBI power than in #104523, the
beam-target reactions only amount to 4.5 MW, mainly because
the population of tritium (target) ions is strongly reduced. For
the same reason, the thermonuclear reactions are somewhat
higher than in the T-rich case (despite the lower T};) but they
are only a very small fraction of the total fusion power anyway.
When 4 MW of ICRH is applied, the ‘thermal + ICRH’ reac-
tion channel is only increased in a small volume near the centre
and the beam-target reactions are only enhanced by 0.4 MW,
amounting to a total fusion enhancement of 0.6 MW, as seen
in the experiments. This poor performance is not only due to
the reduced population of T (target) ions but also due to the
lower acceleration of the large fraction of Dy ions.

This is illustrated in figure 10, where the ion den-
sity spectra 4mF ov* of the thermal Dyyy population
(Picrr = 0.3 MW) and the converged RF-accelerated Dy
population (Picrr = 4 MW) are plotted against the deuterium
energy for the 2 cases considered. The density spectra are
taken at near the plasma centre (porm = 0.05).

In the 50:50 D:T case, the Maxwellian distribution is larger
(by definition) and slightly colder than for the 15:85 D:T
case (in agreement with figure 6(c)). The fast D tails with
E > 80 keV are considerably lower in the 50:50 D:T plasma
case, despite the similar ICRF power densities obtained in the
plasma centre, prr ~ 0.5 MW m~—3. This is explained by the
fact that it is harder to drive a significant fast ion tail with fun-
damental ICRF heating when the resonant ion concentration is
larger, given the same ‘RF-kick’ amplitude [33]. Note that, in
general, the RF power densities are also systematically lower
in the 50:50 D:T case (see figure 8) so that the total—volume
integrated—effect on the fast Dy, ion energies is further exac-
erbated, which explains the considerably lower RF-induced
fusion enhancement observed in this case.
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(Picrr = 0.3 MW) and of the RF-accelerated (Picrr = 4 MW) bulk
D populations as function of the deuterium energy for 15:85 D:T
(red) and 50:50 D:T isotope ratios (blue). Both cases show the
distributions at pnorm = 0.05, where the ICRF power densities are
comparable, prr ~ 0.5 MW m~> (see figure 8).

4. Summary and Conclusions

In this manuscript, the NBI 4 ICRF physics responsible for
the high fusion performance achieved in tritium-rich scenar-
ios in the last D-T campaign in JET (DTE3) has been elu-
cidated through full-wave/Fokker—Planck numerical simula-
tions and data analysis of pulses with different input power
and different D:T isotope ratios. Inspired by modelling of
NBI + ICRF heating and D-T fusion generation done prior to
the experimental D-T campaigns in JET-ILW [10], the record
D-T fusion energy production ever achieved in a tokamak was

attained in the DTE2 campaign (#99971, Egs = 59 MJ) [6]
and subsequently extended in DTE3 in pulse #104522, fea-
turing <Pgs> = 12.4 MW for 5 s and Eps = 69 MJ [7,
8]. This record fusion performance was obtained using T-rich
hybrid plasmas with ~30 MW of D-NBI injection and with
5.5 MW of ICRF heating using the fundamental deuterium
heating scheme in the plasma centre. Fundamental D heating
already showed promising results in terms of fusion gener-
ation in the DTE1 campaign performed in JET-C in the 90s
[34, 35], but it was never tested in conjunction with large NBI
power injection. The T-rich plasma scenario with NBI + ICRH
was very reproducible and several discharges reached fusion
energies between 60 and 70 MJ in DTE3. In these pulses,
more than 80% of the D-T reactions came from fast D —
thermal T reactions, as confirmed by neutron spectroscopy
measurements [12] and by numerical H&CD modelling [10].
The fast D population was composed by D beam ions injected
with Egoyree = 110 keV (with ~30% at half energy and ~20%
with 1/3 Esuree), by thermalized D ions accelerated by ICRH
and by D-beam ions that are ‘kicked’ to higher energies by
the ICRF fields during slowing-down, effectively leading to
a large fraction of fast D ions with optimal energies for D-T
fusion (E = 50-200 keV). As expected for a dominant beam-
target scenario, the fusion yield is sensitive to the input power
waveform so the best results were achieved with steadier NBI
and, in particular, with higher ICRH power, as attained in the
DTE3 campaign (see figure 2). Increasing the ICRH power
from 4 MW to 5.5 MW (and using a slightly different NBI
injector configuration) promptly increased the fusion power
by ~1.5 MW w.r.t to the original results obtained in DTE2,
showing how efficient this heating scheme is for producing D
ions with optimal energy range for D-T fusion. The simula-
tions indicate that 0.9 MW of the fusion enhancement comes
from the stronger ICRH acceleration of the Dyy and Dyp;
ions and 0.6 MW comes from the broader NBI deposition
obtained in DTE3. In addition, higher ICRH power increased
the stationarity of the discharges, which often suffered from
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slow density peaking and impurity accumulation despite the
fast ELM’s characteristic of this scenario [9]. This was even
more evident in the discharges performed with ICRH modu-
lation which suffered from gradually decreasing performance
throughout the discharge. The H&CD simulations performed
within the ETS framework showed a surprisingly good agree-
ment with the experiments in terms of fusion power predic-
tions. The fast distribution functions of all ion species (includ-
ing the 3 NBI energy components) were used to estimate the
fusion power.

The same scenario was repeated—for the first time—with
equilibrated 50:50 D:T isotope ratio and the results were sur-
prisingly underperforming. While the ion temperature and
plasma stored energy were about 20%-30% lower in the
50:50 D:T sibling discharge, the fusion power was reduced
by a factor of two. Again, the H&CD simulations confirmed
this effect both with NBI only and with NBI + ICRF heat-
ing simulations, the main reason being (i) the reduction of
the number of thermal tritium ions for the fast D ions to
collide with and (ii) the weaker acceleration of the bulk D
ions by ICRH with np/n. = 50%. The ICRF heating effi-
ciency was surprisingly similar in the two cases, mainly
because of the stronger off-axis Dy, absorption in the lat-
ter which compensated for the worse RF electric field polar-
ization in the plasma centre for interacting with the bulk
D ions.

To summarize, plasma scenarios with dominant ‘beam’-
target fusion as the one described here are not directly rele-
vant to thermonuclear reactors as such, but can be attractive for
moderate Q/high fluence D-T fusion power generation. They
can be used for example in devices that require high 14 MeV
neutron fluence for fusion reactor material studies, such as the
VNS project [4, 36]. They can also be used in ITER and in
BEST with dominant ICRF heating of Dy, ions (and low NBI
density) to generate moderate activation D-T scenarios (to
e.g. test and calibrate the neutron diagnostics) or to assist the
entry into H-mode with an unbalanced isotope ratio by produc-
ing larger ion heat sources in the plasma. Numerical studies are
being performed for these devices and will be left for a future
publication.

Finally, second harmonic ICRF heating of fuel ions (either
D or T) can also be envisaged to enhance D-T fusion power,
but in general these heating schemes are less efficient than
fundamental ICRF heating for beam-target fusion generation
because (i) they require the resonant ions to be pre-heated
for efficient RF absorption and (ii) they typically accelerate
only a small fraction of the resonant ions to high energies
[33, 37-39], often exceeding those optimal for D-T reac-
tions. For thermonuclear fusion reactors with 50:50 D:T such
as ITER or SPARC (with small or no contribution of beam-
target reactions), fundamental D heating could also be used for
bulk ion heating but traditional schemes such as fundamental
SHe + w = 2w, T heating are likely more appropriate. The
latter was also investigated in the last DTE2 and DTE3 cam-
paigns in JET-ILW showing efficient bulk ion heating [40—42]
and highlighted once more the importance of controlling the
3He content to appropriate levels for efficient ICRH.
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