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Supplementary Note 1. Global characteristics of the discharges #99896
and #99817

Supplementary Table 1: Summary of the main parameters for the discharges #99896 and #99817. Ip is the
toroidal current, BT is the toroidal magnetic field, q95 is the safety factor at 95% of the poloidal flux, κ is the triangularity,
δ is the elongation, βN is the normalized β, H98(y, 2) is the ratio between the thermal energy confinement time over the
IPB98(y,2) scaling, Paux is the total NBI+ICRF injected power, Pfus is the maximum power produced by D-T fusion
reactions, fGr is the Greenwald fraction, nT /n is the ratio of the Tritium density over the total ion density.

Discharge Ip [MA] BT [T] q95 κ/δ βN H98(y, 2) Paux [MW] Pfus [MW] fGr nT /n[%]
#99896 1.9 2.75 4.5 0.29/1.67 1.2 1.0 8.0 0.5 0.45 40
#99817 2.0 3.70 5.9 0.28/1.65 0.9 0.8 7.5 1.0 0.42 85

Supplementary Note 2. Detailed characteristics of the discharge #99817
The main characteristics of the discharge #99817, with 85% of T concentration, are shown in Supplementary Fig.
1. Compared to the discharge #99896, the same magnetic perturbation pattern is seen as shown in Supplementary
Fig. 1. However, due to the higher BT and lower beta, the intensity of the TAE perturbations is lower, and both
faint TAE modes and marginally stable modes, detected by the Alfvén eigenmode active diagnostic (AEAD) [1],
coexist.

The total amount of electron heating in the discharge #99817 is ∼ 70% as obtained from TRANSP. The
electron heating from NBI and ICRF, Pe is higher than the ion heating, Pi, in the whole plasma radius as shown
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Supplementary Fig.1: Characteristics of the discharge #99817. Summary of the D-T discharge #99817 (left).
Spectrogram of the discharge #99817. The AEAD signal scans frequencies ranging 100–250 kHz, with toroidal mode
number spectrum |n| < 20 [2] (right).

in Supplementary Fig. 2. The electron temperature, Te, obtained in these conditions reaches Te ∼ 9.4 keV, i.e.
Te ∼ 110 million K, while the ion temperature reaches Ti > 5.3 keV or Ti > 60 million K, as also shown in
Supplementary Fig. 2. Importantly, such temperatures are obtained with only 7.5 MW of input power. The power
obtained from D-T fusion reactions is 1 MW. Strong reduction of both χe and χi, while χi/χe ∼ 1 is observed in
the plasma inner core at ρ < 0.3. The global performance of this discharge, in terms of H98(y, 2), is lower than
#99896 due to the lower pedestal obtained at higher BT .

Supplementary Fig.2: Characteristics of the discharge #99817. NBI+ICRF injected power density to the
electrons, Pe and ions, Pi, for the discharge #99817 at t =10 s (left). Electron, Te and ion Ti temperature profiles and
electron density, ne, profile for the discharge #99817 at t =10 s. Shaded error bars represent standard deviation of the
time-averaged signals and the systematic diagnostic uncertainties (center). χi and χe from power balance at t =10 s.
Shaded error bars represent standard deviation (right).

Supplementary Note 3. D-T discharge 99896: Magnetic fluctuations
analysis
The spectrogramme of magnetic fluctuations, as detected by the Mirnov coils, is shown in Supplementary Fig. 3
for the discharge #99896. The fluctuations cover frequencies from f=5 kHz to f=200 kHz. The toroidal mode
number, n, is shown for each fluctuation. Both positive and negative n are detected at low and high f .
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Supplementary Fig.3: Magnetic fluctuation analysis for the discharge #99896. High frequency spectrogram for
the D-T discharge 99896 (left). Low frequency spectrogram for the D-T discharge 99896 (right).

Details of the bicoherence technique [3] performed to find a potential non-linear interplay between different
perturbations are shown in this section. An interplay between frequencies and harmonics is identified in the TAE
range and the NTM range. Such an interplay can explain the wide variety of resonances found in this discharge. For
example, fT AE,n=4 − fNT M,n=3 ≈ fT AE,n=1 = 153 kHz , fT AE,n=5 − fNT M,n=3 ≈ fT AE,n=2 = 172 kHz. Therefore,
some of the perturbations detected in this discharge are not a direct consequence of the interplay between energetic
ions and Alfvén waves, but rather a non-linear interplay between different perturbations, notably TAE and NTM.

Supplementary Note 4. D-T discharge 99896: Origin of magnetic fluc-
tuations

Supplementary Fig.4: FAR3D linear simulations for high frequency modes in the discharge #99896.
Eingenfunctions of the electrostatic potential fluctuations, Φ̃, obtained from linear FAR3D simulations, (d),(e),(f) and
comparison with the gap in the Alfvén continuum (a),(b),(c).The toroidal modes n=3,4,5 with different poloidal mode
numbers are obtained. γ is the mode growth rate, τA0 is the Alfvén time and Φ0 = a2BT /τA0 with a the plasma minor
radius.
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The origin of magnetic fluctuations has been studied by performing linear simulations with the gyrofluid code
FAR3D. The energetic ions characteristics are obtained from the TRANSP code. Two energetic ion populations,
H and D, are included. Electrostatic potential fluctuations with toroidal mode number n=3,4,5 are obtained in
the radial location, 3.25 m < R < 3.5 m and frequency, 150 kHz < f < 160 kHz as shown in Supplementary Fig.
4. These results agree with the experimental data considering that the frequency in the stationary frame and the
frequency in the laboratory frame are related by f = flab − nftor with ftor ∼ 3.34 kHz. Such perturbations are
destabilized in the gap of the Toroidal Alfvén Eingenmodes (TAE) continuum and therefore they are identified as
TAE. Another perturbation with n=1 at R <3.25 m is also obtained with f = 18 kHz. Such a perturbation has
the characteristics of the fishbone perturbation as observed in Supplementary Fig. 5.

Supplementary Fig.5: FAR3D linear simulations for low frequency modes in the discharge #99896.
Eingenfunction of the electrostatic potential fluctuations from linear FAR3D simulations and comparison with the gap in
the Alfvén continuum.The mode n=1, identified as fishbone, is obtained.

Supplementary Note 5. Magnetic perturbation spatial location and q
profile verification
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Supplementary Fig.6: Validation of the q profile used in magnetic fluctuations modelling. q profile obtained
from the loop between EFIT and TRANSP for the calculation of the plasma equilibrium for D-T discharge #99896. The
MHD markers corresponding to the location of q=1 (black) and q=4/3 (red) are added showing a good agreement with the
derived q profile. The q profile obtained following the same procedure for the D discharge #100871 is also shown. Error
bars represent uncertainties in the equilibrium reconstruction.
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The validity of the q profile used in the CGYRO and FAR3D simulations for the discharge #99896 was analyzed
by comparing the q profile obtained from TRANSP and the MHD markers. As depicted in Supplementary Fig. 6,
the q profile obtained from TRANSP is in good agreement with the MHD markers. The q profile for the deuterium
discharge #100871 is very similar to the one obtained for the discharge #99896, which means that the changes in
the turbulence characteristics between both discharges cannot be a consequence of different q profile charcateritics.

Supplementary Note 6. Input Parameters used in CGYRO simulations

Supplementary Table 2: Employed plasma parameters in CGYRO simulations modelling JET pulse
#99896 at ρ = 0.31 and t = 8.6 s. ϵ is the inverse aspect ratio, q the safety factor, ŝ the magnetic shear, n the species
density normalized to the electron density, a/Ln,T the normalized logarithmic density and temperature gradient, βe the
electron-beta, νee the electron collision rate and a the minor radius. The normalization factors in standard units are also
reported, i.e. the on-axis magnetic field strength B0, the local (ρ = 0.31) electron temperature Te, density ne and the
major radius R0.

ϵ q ŝ Ti/Te a/Lne
a/LTe

a/LTi
nD/ne nT/ne a/LnD

0.30 1.17 0.74 0.76 1.00 3.20 2.40 0.58 0.39 0.93
a/LnT nf /ne Tf /Te βe [%] νeea/cs B0 [T] Te [keV] ne [m−3] a [m] R0 [m]
0.92 0.03 21.0 0.44 0.39 2.75 3.68 3.67 · 1019 0.91 3.00
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