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Abstract

In the JET DTE2 campaign a new method was successfully tested to detect the heating of bulk
electrons by o-particles, using the dynamic response of the electron temperature 7. to the
modulation of ion cyclotron resonance heating (ICRH). A fundamental deuterium (D) ICRH
scheme was applied to a tritium-rich hybrid plasma with D-neutral beam injection (NBI).
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The modulation of the ion temperature T; and of the ICRH accelerated deuterons leads to
modulated a-heating with a large delay with respect to other modulated electron heating terms.
A significant phase delay of ~40° is measured between central T and T;, which can only be
explained by a-particle heating. Integrated modelling using different models for [CRH
absorption and ICRH/NBI interaction reproduces the effect qualitatively. Best agreement with
experiment is obtained with the European Transport Solver/Heating and Current Drive

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

1. Introduction

Detection of a-particle heating in DT plasmas with fusion gain
<1 is difficult by steady-state power balance analysis, since
the o power source is small compared to the external heating
and escapes a clear identification due to experimental uncer-
tainties. A new detection method has been attempted in the
recent JET DTE2 campaign, based on the dynamic response
of the electron temperature 7 to modulated ion cyclotron res-
onance heating (ICRH) with dominant collisional ion heat-
ing. ICRH modulation induces both a modulation in T (there-
fore in a-particles from thermal-thermal fusion reactions) and
a modulation in fast D or T ions from neutral beam injec-
tion (NBI), depending on the chosen ICRH scheme (therefore
a modulation in a-particles from beam-thermal fusion reac-
tions). This modulated electron heating from «a-particles has a
longer phase delay than other electron heating sources, due to
the high energy and long slowing down time of the a-particles,
resulting in a delayed T response in comparison to the Tj
response. Such feature, if observed, may then be clearly identi-
fied as due to a-particle heating with the help of detailed integ-
rated modelling to quantify the relative weight of the various
modulated electron heating terms at play.

In this paper we present the results of such experiment and
the related modelling. Section 2 describes the experimental
set-up, section 3 the experimental results for the clearest
obtained case, section 4 the modelling of the fast ions and neut-
ron spectra, section 5 the integrated modelling of the plasma
response to the modulation, to identify the a contribution.
Section 6 summarizes and discusses the results.

2. Experimental set-up

Due to the need of avoiding sawtooth activity for a clearer
detection of core temperature modulation, and also to the
need of minimizing the level of core ion temperature stiff-
ness to maximize the 7; modulation, the experiments were
made on Hybrid scenarios. Specifically, the already developed
JET DT Hybrid scenario [1] at 3.4 T, 2.5 MA with 50%—
50% D-T mix and ~25 MW D + T NBI power and the
T-rich Hybrid scenario [2] at 3.86 T, 2.5 MA with 15%—
85% D-T mix and ~29 MW D NBI power were used, both
with ~3—-4 MW ICRH power square-wave modulated at 1 Hz
with 50% duty-cycle. In the first scenario, [ICRH was used
in two schemes, a (*He)-D minority scheme (shot #99639,

f = 33 MHz) and a second harmonic D (w = 2 w.p, with
wep the cyclotron frequency of the deuterons) majority scheme
(shot # 99643, f = 51 MHz), whilst in the second scen-
ario a fundamental D (w = w.p) scheme (shot #99965 and
#104523, f = 28.5 MHz) was used. The T, and T; time evolu-
tions were measured by ECE radiometer [3] and active Charge
Exchange spectroscopy using a diagnostic Ne puff [4], the
plasma density n. by high resolution Thomson scattering [5],
the radiated power by bolometry [6], the impurity mix was
derived by matching both radiation and the measured Zs. The
isotope composition is monitored using sub-divertor spectro-
scopy measurements [7]. Neutron spectra are measured by dia-
mond detectors [8, 9] and magnetic proton recoil (MPRu) dia-
gnostic upgraded for DTE2 [10].

3. Experimental results

Amongst the 3 ICRH absorption schemes used, best results
were obtained in the T-rich Hybrid scenario with the large
minority fundamental D ICRH scheme, which maximizes the
modulation amplitude of a-particles from non-thermal nuc-
lear reactions. Neutron spectroscopy indicates that the frac-
tion of non-thermal/total fusion reactions is ~85%, with an
increase of the high energy tails when ICRH is applied.
Figure 1 shows the time traces of ICRH, 14 MeV neutrons and
plasma total energy for discharge 99965, selected for extensive
modelling.

The slow decrease in time of stored energy and neutron
rate is due to increasing radiation since ICRH modulation
decreases the average ICRH power, reducing its effect of coun-
teracting core W accumulation by boosting turbulent trans-
port and reducing neoclassical inward convection (see e.g.
[11]). The obtained neutron (and o) modulation amplitude is
~25%—-35% for an ICRH power modulation ~ 13% of total
power, demonstrating high effectiveness of ICRH in inducing
fusion reactions when the D ions are accelerated via funda-
mental resonance heating [12]. From the total 14 MeV neut-
ron rate (figure 1) by simply multiplying by the energy pro-
duced in a fusion reaction (17.6 MeV) one derives that the
peak fusion power reached around ¢ = 7.9 s is ~13 MW, 1/5
of which yields the related peak c-heating of ~2.6 MW. The
variation of a-power during the considered modulation cycles
is ~0.5 MW. Figure 2 shows time traces of T and 7; at dif-
ferent radii. The number of modulation cycles available for
the plasma response analysis is limited. To address this, we



Nucl. Fusion 64 (2024) 086001

P. Mantica et al

S 510"
1.2107 99965
neutrons
1107 > 410"
)
z° 810° 31083
g .6 S
; °1° 210"
o -~
VTN =
110"
210°
0 L | L 0

f L
6 7 8 9 10 1 12 13 14
time [s]

Figure 1. Time traces of ICRH power, neutrons and diamagnetic
energy for shot 99965.

are calculating the temperature amplitude and phase profiles
by fitting to the temperature time traces the sinusoidal func-
tion Asin(w?—¢) in the 2.5 s time window from 8.85 s to
11.35 s (see figures 1 and 2). The fitting is made independently
for each radial time trace (mapped to flux coordinates) after
subtracting a linear trend from it. Here, w/27m = 1 Hz is the
ICRH modulation frequency, with A and ¢ representing the
amplitude and phase, respectively. Notably, a phase increase
translates to a time delay increase. The statistical errors in fit-
ting A and ¢ are minimal. The primary source of uncertainty
stems from the window selection, given that no two modu-
lation cycles are precisely identical. To quantify this uncer-
tainty, we generated multiple A and ¢ profiles by employing
a moving 2 s time window within the 8.85-11.35 s range,
and determined error bars based on their standard deviation.
Profiles of amplitudes and phases of T, and 7; modulations are
shown in figure 3 as functions of the normalized toroidal radius
Pror = /P /P eage Where P is the toroidal magnetic flux. The
time averaged temperature profiles can be visioned in figure 9
in section 5.

Amplitudes are ~10% of steady-state T profiles, with cent-
rally peaked profiles, as expected. The key result is the large
phase delay of ~40° of central T, with respect to T;. lons show
the typical features of the heat wave propagating from the
central ICRH deposition region towards the plasma edge, with
phase increasing from the central phase minimum towards the
edge until p,r ~ 0.6 where edge reflection effects start to affect
the phase profile. Electrons show a similar behaviour outside
pror ~30.3, whilst inside this radius the phase rises sharply
towards the centre, departing outside uncertainties from the
central ion phase. This delay of ~40° of central 7. with respect
to T; modulation is a clear signature that the central 7. modu-
lation is at least in part due to fast ions with high energy and
long slowing down times, depositing heat mainly on electrons
with large delay. Careful modelling confirmed that such fast
ions are the as and not highly energetic deuterons accelerated
by ICRH, as will be discussed later. We note that also the lack
of modulation of the few very central T channels in the first
two cycles (figure 2 lower panel), whilst modulation is visible

99965 +

T, [keV]

Pyt

T, [keV]

Figure 2. Time traces of T; and T at different radial positions for
shot 99965. The rectangle indicates the 2.5 s window used for the
amplitude and phase calculation.
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Figure 3. Amplitudes (dashed) and phases with respect to ICRH
power (solid) of T, (black) and T (red) for shot 99965, calculated in
the 2.5 s window shown in figures 1 and 2.

in T; and in outer T channels, is an indication of a centrally
localized source of delayed electron heating, consistent with a
high a-particle population in this best performing initial phase
of the discharge.
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Figure 4. (a) NBI and ICRH power density profiles per species computed by ETS/HCD for discharge 99965 at t = 8.9 s; (b) collisional
power redistribution to thermal electrons and ions at # = 8.9 s, comparing with the case with NBI only at t = 8.4 s.

4. ETS simulations of fast ions from external
heating and neutron measurements

Modelling of the NBI + ICRH heating depositions has been
made using the Heating & Current Drive (H&CD) modules
available on the European Transport Solver (ETS) project
[13, 14]. This has been run for the two phases of ICRH ON
(~t = 8.9 s) and OFF (~t = 8.4 s), in a similar way as
described in [12] for discharge 99971 which is very similar
to 99965 but not modulated. The kinetic profiles were fitted
from a combination of the available diagnostics data and the
equilibrium was computed with a pressure constrained EFIT
simulation. A deuterium concentration of 15% was assumed,
measured by high resolution H, D, T Balmer-alpha spectro-
scopy of a Penning discharge within the neutral gas analysis
diagnostic in the JET sub-divertor plenum [7]. An impurity
mix of 1% of beryllium and 0.1% of nickel was used. Alpha
particle absorption by ICRH was not included. The H&CD
workflow was executed as follows: first, the NBI deposition
was computed using the ASCOT code [15]. The NBI losses
(reionizaton, shine-through, etc) are taken into account and
only the remaining ‘slowing-down’ power (Pngr = 26.2 MW)
is retained in the next steps. Then, the ICRH power absorption
profiles for all species were computed using the 2D full wave
CYRANO code [16], assuming Picrg = 4 MW (ICRH ON)
or Picrg = 0.4 MW (ICRH OFF) is absorbed in the plasma.
The obtained RF-fields and power absorption profiles are used
as input for the Fokker—Planck code FOPLA [17], which com-
putes the 1D distribution functions of all the ions in the plasma
(including self-collisions) and the converged collisional power
repartition. The set of radial distributions functions obtained
for the bulk D and T ions and for the D-beam ions are then
used to compute the D-T fusion reaction profiles (neutrons and
a’s) with the combined effect of ICRH and NBI heating, using
the FUSREAC module, included in the ETS/HCD workflow.
The results of the simulations for discharge 99965 with ICRH
ON and OFF are shown in figure 4, where one can see that
the ICRH power density profile is much narrower than NBI
one and mainly deposited on Dy, and Dygy, which are both

accelerated by ICRH to form tails with 50-200 keV, as shown
in figure 5. This range of energies for the D tails is also con-
firmed by the Neutral Particle Analyzer spectra, as shown for
shot #99965 in figure 4(a) of [12]. These tails boost the fusion
reactions, inducing the large modulation of neutrons and -
particles, as shown in figure 6. ETS modelling confirms that
thermal reactions are ~15% of the total. It is important to note
that, although ETS cannot handle dynamic simulations, the
comparison of fusion power density profiles obtained using
the ETS D populations with and without ICRH provides an
estimate of the expected P,, variation ~ 0.16 MW m—3, local-
ized inside pyo ~ 0.35, i.e. within the ICRH deposition region.
This is actually in good agreement with the radius where the 7',
modulation phase starts departing from the T; phase in figure 3.
Given the range of energy 50-200 keV calculated by ETS for
the D population, with slowing down times < 40 ms, corres-
ponding to <14° for a 1 Hz modulation, we can conclude that
the ICRH accelerated D fast ions are not responsible for the
central T, delay of ~40° observed in the experiment. This
leaves a-heating as the only possible mechanism causing the
central T, delay. In fact as have a slowing down time ~ 350 ms
in the central region, corresponding to a phasing at 1 Hz of
~120°, and so they are the only possible source of electron
heating that combined with the NBI + ICRH faster sources
can lead to the observed T, delay of 40°. We note also that
the amount of variation of P, (figure 6(b)) is a factor 1/2—1/3
of the variation of P, from NBI + RF (figure 6(c)), which,
given their phasing, yields the correct phasing of the summed
P, terms to justify the observed 7', delay of ~40°. We conclude
that ETS, in spite of not allowing a time dependent simulation
of the modulation, yields predictions in very good agreement
with the experimental observations for what concerns the mag-
nitude of the T, delay and its spatial localization.

The ETS simulations have been used as input to the
GENESIS code [18] to calculate the neutron production and
compare with neutron spectroscopy data. The GENESIS code
is a Monte Carlo code that simulates the energy spectrum of
neutron and y-ray radiation from the plasma starting from
the distribution functions of the reactants, as obtained by
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Figure 5. Particle density distributions in velocity space of bulk D
and NBI D as functions of energy at pir = 0.1 from ETS
simulations of #99965 for ICRH ON (ICRF = 4 MW) and OFF
(ICRF = 0 MW). dN/dv = 47 v Fy(v) for an isotropic particle
distribution function F, with v the particle velocity modulus.

modelling codes such as ETS-FoPla, and the measured plasma
profiles. The code can calculate the emission spectrum emitted
along the line of sight of the main JET neutron and gamma-
ray spectrometers, for a direct comparison with measured data
and once the response function of the detector is taken into
account. The MPRu spectrometer is the state-of-the-art instru-
ment at JET for the 14 MeV neutron spectrometer measure-
ments. It is based on the momentum separation via magnetic
field of the elastically scattered protons on a thin converter
foil (CH2). The measurement of the proton dispersion on an
array of scintillators is then related to the distribution of the
primary neutron energy spectrum. JET is also equipped with
a set of single crystal diamond detectors. Unlike the MPRu
that is bulky and heavy, single crystal diamond detectors are
very compact in size and can be installed on different line of
sight providing 14 MeV neutron spectroscopy measurements
with unprecedented energy resolution (about 1%) [9]. Here
the neutron detection relies on gathering the electro—hole pairs

generated through the slowing down of charged particles res-
ulting from interactions between neutrons and carbon nuc-
lei. Although different reaction channels can occur between
the neutrons and the carbon nuclei, the best candidate for
14 MeV neutron spectroscopy measurements is the n—« reac-
tion '>C(n,)°Be which has a negative Q-value of —5.7 MeV.
The reaction leads to a well-defined peak in the measured
neutron spectrum which is centred at Egep = E, — 5.7 MeV.
The peak provides a univocal relation between the measured
deposited energy and the incoming neutron energy. Figure 7
shows with symbols the experimental neutron spectra from
the vertical diamond detector for the ICRH ON and OFF
phases. One can notice the increase of the high energy tails
due to ICRH. The lines in figure 7 indicate the contributions
to the neutron spectra due to the Dy,x and Dnpr populations,
provided by the code GENESIS. The GENESIS simulations
are in good agreement with the measured spectra for both
phases. A sensitivity test on the D fraction has shown that best
match is obtained with the measured 15% D concentration.

Tomographic reconstructions of the neutron emission were
performed using the data collected by the JET neutron cam-
era. The poloidally averaged neutron emission profiles were
then computed as a function of por, removing the linear slow
trend. The difference in the emission profiles between two
adjacent ICRH ON and OFF intervals is shown in figure 8 and
compared with the variations predicted by ETS (figure 6(b))
and also TRANSP and JINTRAC discussed later. All vari-
ations are normalized to 1 to compare profiles. The experi-
mental mean emission profile is overplotted. The uncertain-
ties in the 1D radial emission profile are calculated by factor-
ing in a 10% margin of error on the intensities derived from
the 2D tomographic reconstruction of the poloidal neutron
emission profile. This margin of error in the tomography con-
siders a 10% deviation from the nominal detection efficiency
of the individual detectors within the neutron camera. From
figure 8 we observe that the agreement is reasonable for ETS
and JINTRAC, whilst the TRANSP profiles are definitely too
broad.

5. Integrated modelling with and without a-heating

Unfortunately, ETS/HCD cannot handle dynamic simulations,
therefore integrated modelling of the 99965 modulation had
to be made with other frameworks, which have a less soph-
isticated treatment of heating deposition to the thermal and
suprathermal populations, and of the ICRH-NBI interaction.
Presently integrated modelling of 99965 has been made with
TRANSP/NUBEAM [19] and JINTRAC/PION [20, 21] and
results compared to gain confidence in the results. Issues in
the models have been identified and an optimization of these
tools for the case considered has been attempted.

5.1 TRANSP modelling results

In this section we describe the results of TRANSP predictive
simulations of discharge 99965, although it is known that
TRANSP does not accurately compute the heating, fast
particles and fusion yield in discharges employing the
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Figure 6. (a) Profiles of fusion power components from ETS simulations of #99965 for ICRH ON and OFF; (b) profiles of a-electron
heating and (c) of RF + NBI electron heating and their variation with ICRH ON and OFF according to ETS.
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fundamental RF heating of a large minority, as discussed in
detail in [22]. ICRH heating in TRANSP is modelled by the
TORIC code [23] coupled to the time dependent FPP code for
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Figure 8. Radial profiles of neutron emission variation (normalized
to 1) between ICRH ON and OFF for #99965, obtained by
tomographic reconstruction from the neutron camera data and
predicted by ETS, TRANSP and JINTRAC. The experimental
profiles refer to 4 time intervals and their mean value (black thick
line).

absorption by minorities and by means of a RF kick oper-
ator in the NUBEAM Monte—Carlo code for absorption by
fast NBI ions and alphas. As shown in figure 5 by ETS/HCD,
in this fundamental D (with D ~ 15%) heating scenario, the
Maxwellian distribution of the bulk D ions is accelerated by
the RF interaction and forms an energetic tail, and in addition
there is a synergy effect between the RF waves and the fast
NBI deuteron population. Both D populations contribute to
fusion reactions. TRANSP can describe the NBI-ICRH inter-
action with the quasi-linear RF kick operator, but it cannot
fully model the absorption of RF power on bulk thermal spe-
cies and requires defining a dedicated fast RF minority spe-
cies. However, on one hand Dpjinority is not taken into account
for fusion reactions, on the other hand the D tails produced
by ICRH from Dy are not calculated, and absorption on
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Figure 9. For shot #99965: radial profiles of modulation (a) amplitudes, (b) phases and (e) averaged steady-state of 7. and T; (experimental
data vs TRANSP predictions, in the same time window as in figure 3). Radial profiles of modulation (c) amplitudes, (d) phases and (f)
averaged steady-state of power densities. In (@), (b) and (e) runs with and without as are compared.

Dypyik results in a direct ion heating term whilst keeping a
Maxwellian distribution. This evidently is inappropriate for
describing the 99965 scenario, and even more so when the
dynamic modelling and heating delay is key to the explanation
of results. However, owing to the good neutron rate predict-
ability of TRANSP, an effort has been made to use the code
by separating D ions into bulk D ions and minorities D and
using NUBEAM D NBI as in experiment. In order to best cap-
ture RF wave physics and fusion rates by thermal and beam-
target reactions, optimised settings were found by using 86%
T + 7% Dyuix, NUBEAM with all D beams as in experiment,
and TORIC with 7% Dpjnority- This setup was optimised by
means of TRANSP scans and has been found to be the best
compromise to account for both bulk D and fast D species
dynamics as well as the two kinds of interactions D ions are

subject to: collisions and fundamental ICRH resonance. The
simulations were performed using a simplified transport model
with non-evolving heat diffusivities x; and x. approximating
the power balance diffusivities. Presently, all attempts to use
quasi-linear physics-based transport models do not yield clear
results due to the noise introduced by these models. As bound-
ary conditions for T, and T; the experimental measurements
at por = 0.5 were used, to avoid simulating the region where
edge effects are important. Simulations were run both includ-
ing and not including a-particle heating, to isolate clearly the
effect of as. Amplitudes and phases of the modulation cycles
as well as the time averaged steady-state profiles, were calcu-
lated with same technique used for the experimental data.
The results are shown in figure 9. Figures 9(c) and (d)
show amplitude and phases of the modulation of the various
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Figure 10. Comparison of experimental (thick lines) and TRANSP
(thin lines) central T and T; and total neutrons vs time. 7; from
TRANSP is plotted in red to better distinguish it from the black
experimental data.

heating terms, and figure 9( ) shows their time averaged pro-
files. From figure 9(d) it is important to note that the phasing
of the external power is very low whilst the phasing of as is
long (consistent with the short slowing down time of the fast
deuterons and the long one of as, as discussed for ETS res-
ults). This confirms that the only possible explanation for the
large T, central delay is the a-heating. However, compared
to ETS, the radial profile of the amplitude of the P, modula-
tion is broader, extending to pyr ~ 0.6, and the peak central
value is less than half the peak value of the external electron
power (figure 9(c) vs figure 6(b), directly compared in abso-
lute values in figure 12, and in terms of normalized neutron
variation for peaking comparison in figure 8). This results in
the effect of a-heating on the T phasing being visible in the
whole simulated region rather than localized inside pi ~;0.3,
and with a central delay much smaller than in the experiment
(figure 9(b)). Figure 10 shows the comparison of central wave-
forms of neutrons and temperatures between experiment and
TRANSP simulations. We conclude that TRANSP provides a
qualitative reproduction of the features seen in the temperat-
ure modulations, with reasonable match of the amplitudes but
an underestimate of the delay on T.. This seems due to a too
broad a-particle profile, linked to non-correct prediction of the
profile of the ICRH + NBI fast deuterons. Nevertheless, this
modelling shows that indeed the only mechanism that can pro-
duce the measured 7T, delay is the a-heating.

5.2. JINTRAC modelling results

JINTRAC/PION + PENCIL runs were performed to try and
improve over TRANSP integrated modelling results. The
PION code [21] solves the power absorption and the velocity
distribution function of resonant particles in a self-consistent
way. The Fokker—Planck solver in PION does not assume
steady-state conditions and, therefore, it is able to capture
plasma transitions. Furthermore, PION takes into account
finite orbit width (FOW) effects which are relevant when high
energy resonant particles are produced, effectively extend-
ing the electron collisional heating to larger flux surfaces.

The PENCIL code [24] computes the NBI source which is
used by PION’s Fokker Planck solver. Based on this, PION is
capable of reproducing the ICRH + NBI synergy by solving
the full distribution of the resonant particles, in this case for
D (it does not make a difference between bulk and fast/NBI,
everything is accounted for in its distribution function).
JINTRAC integrated modelling was performed with the
same input initial profiles and equilibria as for the TRANSP
simulations, then evolved self-consistently solving for T, Tj,
and J whilst keeping the n. and rotation profiles fixed to the
experimental ones. The same simplified transport model was
used as in TRANSP simulations, with non-evolving heat dif-
fusivities x; and X, approximating the power balance diffus-
ivities. As boundary conditions for 7. and T the experimental
measurements at pr = 0.5 were used, as in the TRANSP
runs. Simulations were run both including and not including
a-particle heating, to isolate the effect of as. The results were
then analysed to extract the 1 Hz modulation in the same time
window 8.85-10.35 s. Figures 11(c)—(f) show amplitudes,
phases and time-averaged profiles for the modulation of the
various heating terms. Here again in figure 11(d) the phasing
of the external power is low compared to the phasing of as,
confirming that the only possible explanation of the large 7'
central delay is the a-heating. The width of the P, modulation
amplitude (figure 11(c) vs figure 6(b), directly compared in
absolute values in figure 12, and in terms of normalized neut-
ron variation for peaking comparison in figure 8) is similar to
ETS, but in fact its central value is similar to TRANSP and a
factor 3 lower than ETS. This is much lower than the P, amp-
litude from NBI 4 ICRH, so the effect on 7. amplitude and
phase is visible in figures 11(a) and (b), but the 10° delay due
to as is much smaller than the 40° measured. We also note in
figure 11(c) that the P; amplitude from NBI + ICRH is very
broad and with larger phasing than P, so that the T; phasing
is flat in the central region and higher than the T, phasing, at
variance with experiment where the T has a clear propagating
character, suggesting a much narrower P; modulation profile.
Figure 13 shows the experimental neutrons and central temper-
atures compared with the JINTRAC simulation. We conclude
that the JINTRAC/PION simulations, although clearly indic-
ating that a-heating is the only possible cause for the large
T, delay, have issues in reproducing correctly the measured
phasing, as was the case for TRANSP simulations. Besides
underestimating the 7. delay (as in TRANSP), there is also an
issue with the large 7; phasing (at variance with experiment),
whose origin is difficult to understand. For this reason, further
investigations were made to assess the origin of the discrep-
ancy between experimental and modelling results on the phase
of ion and electron temperatures. Several possibilities were
studied, such as FOW effects and fast ion losses in PION, how-
ever their impact has been found small in these simulations
and is not the cause for the P; amplitude broadening. In our
investigation, interpretative simulations were conducted for
ICRH and NBI heating, each modelled independently. Fourier
analysis of the simulations reveals distinct characteristics for
these heating mechanisms. The Fourier analysis of simulations
focused solely on ICRH demonstrates a clear modulation at
1 Hz. Notably, the ion—electron collisional power exhibits a



Nucl. Fusion 64 (2024) 086001

P. Mantica et al

T T T T T T T
Ti ®  expt Te amplitude
800 | ! ®  expt Ti amplitude
JINTRAC Te A with as
—— JINTRAC Ti A with as
— — - JINTRAC Te Awithout as |
600 = = - JINTRAC TI A without as
S
2,
o 40 [
€
<
200 +
0 .
0 01 02 03 04 05 06 07 08
ptor
015 - B
Pe NBI+ICRH
—— Pi NBI+ICRH
----- Pei
& 0.1 Pi by alphas
S
2
=3
g
0.05 -
<
[0 e e e x|
0 0.1 02 03 04 05 06 07 08
ptOI’
4
1 10 T T T T T T T
® expTe
. ® expTi
- Ti JINTRAC Te with as
8000 | —— JINTRAC Tiwith s~
— = = - JINTRAC Te without as
> — — - JINTRAC Ti without as |
— 6000
[0)
2
8
P
<. 4000
©
@©
]
n
2000
e)
0 1 1 1 1 1 1 1

0 01 02 03 04 05 06 07 08
tor

90 -~ - - - - — -
>
o)
=
T
14
Q
*
E.
!% _—- & ® expt Te phase
< 40 . ® expt Ti phase
Ti 9 JINTRAC T i
e phase with as
——— JINTRAC Ti phase with as
30 — — - JINTRAC Te phase without as
= =+ JINTRAC Ti phase without as |
20 L L L L 1
0 0.1 02 03 04 05 06 07 08
tor
150 T T T T T T 7 T T T T
)
]
1
; d)
[}
]
100 | { 4
14
’
’
S /
[0}
k=2
© 50
(2]
(]
e
o
0 -
Pe NBI+ICRH
— PiNBI+ICRH
----- Pei 1
-50 I L I 1 1 1 1
0 01 02 03 04 05 06 07 08
ptor
6
1M0° —— 777
— Pe from NBI+ICRH
£ 8 105 L — Pi from NBI+ICRH|
=
S ----- Pei
o) — — - Pifrom alphas
T 610° i
-
P
=)
S 410° f)
-
(]
(0]
(o]
g 210°
<
0

Figure 11. For shot #99965: radial profiles of modulation (a) amplitudes, (b) phases and (e) averaged steady-state of 7 and T;
(experimental data vs JINTRAC predictions, in the same time window as in figure 3). Radial profiles of modulation (c¢) amplitudes, (d)
phases and (f) averaged steady-state of power densities. In (a), (b) and (e) runs with and without as are compared.

higher phase compared to ion—ion collisional power, align-
ing with expectations. In contrast, simulations utilizing only
the NBI source from PENCIL show a significant and broad
amplitude at 1 Hz, which causes the P; amplitude broadening.
Furthermore, ion—ion collisional power displays a larger phase
compared to ion—electron collisional power. When consider-
ing both ICRH and NBI, the ion—electron collisional power
phasing, accounting also for ICRH + NBI synergy, is lower
than that of ion—ion collisional power phasing. This results
in a larger T; phasing compared to T, i.e. a delayed T; sig-
nal as opposed to what is observed experimentally. To further
investigate the impact of NBI on ion—ion collisional power, a

Fourier correction was applied to the NBI signal during the
interpretative simulation without compromising the total NBI
power. This correction successfully recovered the expected
collisional power phasing values, indicating a delayed cent-
ral ion—electron collisional power compared to ion—ion col-
lisional power. Nevertheless, as the simulations presented in
this paper are predictive, the Fourier correction tested in inter-
pretative simulations could not be applied to assess its impact
on modelled temperatures. Therefore, to enhance agreement
with experimental results, future efforts could explore coup-
ling more sophisticated NBI codes, such as ASCOT, with
PION.
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6. Conclusions

Dynamic detection of a-particle electron heating was possible
in JET DTE2 by using 4 MW modulated ICRH at 1 Hz with
the fundamental D heating scheme in the JET T-rich Hybrid
scenario at 3.86 T, 2.5 MA with 15%—-85% D-T mix and
~29 MW D NBI power. Experimentally, a ~40° phase delay
of central T, with respect to 7; was observed, which can-
not be explained by high energy tails of NBI + ICRH fast
deuterons and constitutes evidence for electron a-heating. We
underline that extraction of the electron a-heating is difficult
in JET DT plasmas as the a-population is still quite low and
the electron a-heating term has to compete with other larger
electron heating terms. Therefore an analysis based on steady-
state power balance is not able to isolate the electron a-heating

outside uncertainties. The use of dynamic methods adds the
time information, which is a precious ingredient given the long
slowing down time of alphas. Dynamic methods have then
proven successful in JET DT plasmas where a-production has
been maximized by suprathermal fusion reactions. An altern-
ative dynamic method to the modulation presented here is the
afterglow experiment described in [25], which also showed
a clear delay in T, fall after the complete switch-off of the
external heating. This method is however more perturbative
than the smaller modulation of the ICRH power described
here, which maintains a good confinement plasma with no
density perturbation, apart from the slower decreasing trend
due to W accumulation. We remark that these experimental
results are the first ever evidence of a-heating obtained by
modulation techniques.

On the modelling side, ETS-HCD simulations for the ICRH
ON and OFF phase are found in good match with the experi-
mental observation, both in terms of magnitude of the 7. delay
and its spatial localization inside pyr ~ 0.3. TRANSP and
JINTRAC integrated modelling instead predict a significantly
smaller central a-heating and do not reproduce the 7. phase
profile observed experimentally. These dynamic experiments
provide constraining evidence against which present codes can
be tested and improved in view of their application to ITER
and beyond.
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