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Abstract 

Dedicated experiments to generate high-energy D ions and D-3He fusion-born alpha particles 

have been performed at the Joint European Torus (JET) with the ITER-like wall (ILW). 

Deuterium ions from neutral beam injection (NBI) with acceleration voltage of 100 keV 

were accelerated to higher energies in the core of mixed D-3He plasmas by applying the 

3-ion radio frequency (RF) scenario. A large variety of fast-ion driven 

magnetohydrodynamic (MHD) modes with different toroidal mode numbers n were 

observed in these JET-ILW experiments, including the n = ‒1 and n = 0 modes in the 

frequency range of the elliptical Alfvén eigenmodes (EAEs). The simultaneous observation 

of these modes implies the presence of a fast-ion population in the plasma with a large 

number of highly energetic counter-passing ions, in addition to having a positive gradient in 

the particle energy distribution function. The combined fast-ion and MHD analysis shows 

that the population of RF-generated fast D ions does not include particles capable to excite 

effectively n = ‒1 EAEs. We demonstrate that the fast-ion observations are consistent with 

the hypothesis that D-3He fusion-born alpha particles are the drive for these modes. For the 

first time, we propose a theoretical mechanism and provide experimental evidence for 

a bump-on-tail distribution of fusion-born alphas required to excite n = 0 AEs, self-sustained 

by a periodic modulation of the fusion source due to sawtooth crashes.  
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Introduction 

In a thermonuclear fusion reactor, the reaction between deuterium (D) and tritium 

(T) ions, resulting in a fast alpha particle (4He) and a neutron, will be the main source of 

energy 

D + T → 4He (3.5 MeV) + n (14.1 MeV).     (1) 

The concept of magnetic confinement crucially relies on self-heating by fusion-born alpha 

particles. To this end, the alpha particles must be well confined to transfer their energy to 

the plasma particles during their collisional slowing-down. Equally important is that 

additional effects associated with the presence of the alpha particles do not lead to 

a detrimental degradation of the plasma confinement. Among these, the excitation and 

interaction of alpha particles with magnetohydrodynamic (MHD) modes is of particular 

importance for the development of magnetic fusion reactors. Indeed, consequences on fast 

ion transport and confinement can be substantial and the Alfvén instability is a significant 

issue for high-Q operation in ITER [1]. Therefore, dedicated alpha particle studies were 

undertaken in past D-T experiments on the TFTR and JET tokamaks [2, 3]. Further alpha 

physics studies are planned in the forthcoming D-T campaign in JET with the ITER-like 

wall (JET-ILW) [4]. 

 Effects from fusion-born alpha particles can be studied in JET-ILW before the 

planned full-scale D-T experiments, characterized using tritium and harsh radiation 

conditions for diagnostics. These studies rely on generating fast alpha particles using the 

reaction between D and 3He ions, which does not produce neutrons 

D + 3He → 4He (3.6 MeV) + p (14.7 MeV),     (2) 

however, the birth energy and kinematics of alpha particles from this reaction  are very close 

to those released in D-T reactions [5] and the transport in the plasma is the same. In JET-

ILW, the toroidal magnetic field (Bt) and plasma current (Ip) are oriented in the same 

direction (clockwise if viewed from the top of the machine). In the studies reported in this 

paper, deuterium ions from neutral beam injection (NBI) with ENBI ≈ 100 keV, injected in 

the co-Bt/Ip direction (v|| > 0), were accelerated to higher energies (up to ~2.5 MeV) in the 

plasma core using the 3-ion D-(DNBI)-
3He radio frequency (RF) scenario [6-7]. 

 A large variety of fast-ion driven MHD modes such as toroidal (TAEs), elliptical 

(EAEs) and reversed shear (RSAEs) Alfvén eigenmodes [9] with different toroidal mode 

numbers n, including axisymmetric modes with n =0, were observed in these JET-ILW 

experiments. The excitation of most of these MHD modes can be explained by resonant 

wave-particle interactions with a population of ICRF-generated fast D ions. However, the 

simultaneous observation of n = ‒1 and n = 0 modes in the EAE frequency range implies the 

presence of a fast-ion population in the plasma with a large number of highly energetic 

counter-passing ions (v|| < 0), in addition to having a positive gradient in the particle energy 

distribution function , as a bump on tail [10]. These unusual conditions are 

consistent with the regular observation of n = 0 modes in the EAE frequency range. The 

combined fast-ion and MHD analysis shows that the ICRF-generated population of fast D 

ions does not include particles capable of effectively exciting n = ‒1 EAEs. 

This, in turn, implies that these modes are driven by another fast-ion population 

(different from fast D ions) with a substantial fraction of high-energy counter-passing ions. 

We demonstrate that the fast-ion observations are consistent with the hypothesis that D-3He 

fusion-born alpha particles drive these modes. For the first time, we propose a theoretical 

mechanism and provide experimental evidence for a bump-on-tail distribution of fusion born 
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alphas, self-sustained by a periodic modulation of the alpha particle source due to short 

period sawteeth. Such mechanism unveils that the presence of highly energetic born alpha 

particles can add extra and unexpected non-linear physical mechanisms to magnetically 

confined plasmas.  

Experimental conditions 

The 3-ion D-(DNBI)-
3He radio frequency (RF) scenario with fast NBI ions as resonant 

absorbers was used to generate a population of high-energy D ions. The experimental 

conditions (the vacuum toroidal field in the plasma centre – B0 = 3.7T, the plasma current –  

Ip = 2.5MA, the electron density in the plasma centre –  ne0 ≈ 6-7×1019 m-3), the ion cyclotron 

RF settings (f = 32.2-33.0 MHz, dipole antenna phasing) and rather large 3He concentrations, 

n(3He)/ne ≈ 20-25% were purposely chosen to position the ion-ion hybrid (IIH) layer and 

thus generate energetic D ions in the plasma core [11]. Accordingly, the cyclotron 

resonances for thermal D and 3He ions were located off-axis at the high- and low magnetic 

field side, see Fig. 1(a). The figure shows the RF power deposition, as computed by the 

TORIC code [12], illustrating that most of RF power is indeed absorbed in a small region in 

the plasma core by fast D-NBI ions. Figure 1(b) shows an overview of JET pulse #95679 

(PNBI ≈ 6.9MW, PRF ≈ 5.8MW), in which the central electron temperature increased from 

3.6 keV during the NBI-only phase to 7.6 keV in the combined ICRF+NBI phase. 

An efficient generation of high-energy deuterons with ICRF resulted in a strongly increased 

neutron rate, rising from ~5×1014
 s-1 to ~1.0×1016 s-1. The black dotted and red dashed lines 

in Fig. 1(b) show the D-D neutron and D-3He fusion alpha rates, simulated by TRANSP 

[13]. A very good agreement between the measured and computed neutron rates was 

achieved. The bottom panel in Fig. 1(b) shows the time evolution of the 3He concentration, 

X[3He] = n(3He)/ne ≈ 22%, which was controlled by the real-time feedback system in JET. 

 In the reported experiments, the fast-ion distribution of the RF accelerated D-NBI 

ions was controlled by varying the applied ICRF and NBI power, and their ratio. With as 

little as PRF ≈6 MW and PNBI ≈ 7-11 MW, rather high D-D neutron (~1×1016 s-1) and D-3He 

alpha rates (~2×1016 s-1) were achieved. The time-of-flight neutron spectrometer TOFOR 

[14] was used to assess the maximum energies of ICRF- accelerated D ions. Neutrons with 

a time-of-flight > 43 ns were measured by TOFOR corresponding to maximum  
 

  
Figure 1. (a) – the poloidal cross-section of the JET tokamak showing the off-axis location of the cyclotron resonances of 
3He and D ions (magnetic axis at RMAG ≈ 3.0 m) and the core absorption of RF power by fast D-NBI ions, as calculated 
with the TORIC code. (b) – an overview of JET pulse #95679: the panels show the auxiliary heating power, the central 
electron temperature, Te0, the measured D-D neutron rate (black solid line) vs. the TRANSP simulation (black dotted line) 
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and the TRANSP-simulated D-3He fusion alpha rate (red dashed line); the bottom panel shows the 3He concentration 
controlled by the real-time feedback system. 

deuterium energies of about 2.5 MeV. This result is consistent with gamma-ray [15, 16] and 

fast ion loss detector (FILD) [17] measurements.  
 

Observations of n = ‒1 and n = 0 modes in the EAE frequency range 

Figure 2 shows the time evolution of two other JET pulses, #95666 (PNBI ≈ 8.1 MW, 

PRF ≈ 5.8 MW) and #95675 (PNBI ≈ 6.3 MW, PRF ≈ 3.6 MW) of the same series of fast-ion 

experiments in D-3He plasmas. In all these discharges the central electron temperature shows 

repetitive drops, known as sawtooth oscillations. The presence of fast ions in the plasma core 

has a stabilizing effect on the sawteeth, causing lengthening of their period Δtsaw [18, 19]. 

However, when a certain stability threshold is crossed [20], a sawtooth crash occurs, 

resulting in a fast drop in Te0 and a redistribution of the fast ions in the plasma. The sawtooth 

dynamics in these experiments is rather complex, depending inter alia on PICRF and PNBI. 

The sawtooth period varied over a wide range, from rather short Δtsaw ≈ 150-200 ms up to 

very long Δtsaw ≈ 3.9 s (a monster sawtooth). A detailed discussion on the sawtooth 

stabilization is outside the scope of this paper, but as shown below the sawtooth period has 

a significant influence on the dynamics of the AE modes. 

Fast-ion driven MHD modes such as TAEs, EAEs and RSAEs with different toroidal 

mode numbers, including modes with n = 0, were regularly observed in these JET-ILW 

experiments, see Fig. 3. Furthermore, the axisymmetric n = 0 modes were detected. Note the 

somewhat higher EAE frequencies in #95679 because of the slightly lower plasma density 

in that pulse. Similarly to past fast-ion experiments with ICRF on JT-60U [21], the behaviour 

of TAEs and EAEs was influenced by the sawtooth dynamics. 

In these JET experiments EAE modes were often observed during phases with short 

sawteeth, see Figs. 3(b), (d) and (f). In each of these discharges, a monster sawtooth crash 

facilitated the excitation of EAEs; under these conditions, the delay between the onset of the 

EAE activities after the monster sawtooth crash was typically ~ 80-100 ms. The observed 
 

 
Figure 2. Overview of JET pulses #95666 and #95675 in D-3He plasmas with very different sawtooth dynamics. (a) Pulse 

#95666 with a monster sawtooth phase, t = 7.89-10.17 s (Δtsaw ≈ 2.3s). (b) Pulse #95675 with repetitive short-period 

sawteeth (Δtsaw ≈ 200-300 ms), following the monster sawtooth crash at t = 8.43s (Δtsaw ≈ 0.7s). Note the much lower 

neutron rate in #95675 due to the reduced ICRF power (3.6 MW). 
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EAE modes are located at the q = 1 surface (q is the magnetic safety factor), as inferred from 

correlation reflectometer measurements, and consist of two dominant counter-propagating 

poloidal modes with mode numbers m1 = n ‒ 1 and m2 = n + 1. Note that in the JT-60U 

experiments mentioned above, EAE modes with only positive toroidal mode numbers 

n = 3-6 were observed [21]. However, in JET D-3He experiments described in this paper, 

EAEs with lower positive n, as well as n = 0 modes and even EAEs with negative toroidal 

mode numbers were detected. In what follows, we focus our analysis on n = ‒1 and n = 0 

modes in the EAE frequency range and demonstrate that the simultaneous observation of 

these modes requires a large number of highly energetic counter-passing ions with a bump-

on-tail distribution. 
 

 

Figure 3. Magnetic spectrograms showing fast-ion driven EAE activities in JET pulses #95679 (a), #95666 (c) and #95675 
(e). The vertical dashed lines indicate the timings of the sawtooth crashes. A close-up of the MHD spectra in these pulses 
shows the presence of n = -1 and n = 0 modes in the EAE frequency range. 

 

Linear stability analysis 

Alfvén eigenmodes are destabilized by energetic ions through the energy transfer 

between resonant particles and AEs [9]. The necessary condition for resonant wave-particle 

interaction is given by  

ω = nωφ + pωθ,     (3) 
 

where ω and n are the AE frequency and the toroidal mode number; ωφ and 𝜔𝜃 are the 

toroidal and poloidal orbital frequencies; p is an integer. The destabilization of AEs is only 
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possible when the mode drive by fast ions is sufficiently large and overcomes the mode 

damping by different mechanisms. 

Figure 4 shows the computed efficiency of the resonant wave-particle interaction for 

the observed n = ‒1 EAE mode at f ≈ 555 kHz in pulse #95679 (see Fig. 3(b)). The efficiency 

is obtained by calculating the variance of test-particle energy due to work done by the 

eigenmode electric field over many wave periods. The computations have been carried out 

using the HAGIS and MISHKA codes [22, 23] for a typical fixed mode amplitude 

δB/B = 1×10-5 supposing that the n = ‒1 EAE mode is interacting with fast D ions. 

From the plotted efficiency of wave-particle interaction in Figure 4, the drive of this 

mode with a negative toroidal mode number would require the presence of a large population 

of energetic counter-moving D ions (v|| < 0) in the plasma. The energy range for fast D ions 

has been limited to 2.5 MeV, reflecting the experimental observations from the TOFOR 

neutron spectrometer and other fast ion diagnostics. 

The two most prominent power transfer lines in Figure 4 have been labelled to show 

the corresponding wave-particle resonances identified for different p-numbers in Eq. (3), 

confirmed by computing the toroidal and and bounce frequencies of the test particles. The 

computations show that the observed n = ‒1 EAE mode receives energy most effectively 

from fast counter-passing ions via the p = 0 (ω = ‒ωφ) and p = ‒1 

(ω = ‒ωφ ‒ ωθ) resonances. As the toroidal and poloidal orbital frequencies for passing fast 

ions are given by ωφ = v||/R and ωθ = v||/(qR) [9], the n = ‒1 EAE mode interact effectively 

with fast ions at parallel velocities v|| = ‒ω R and v|| = ‒ω R/(1 + 1/q) ≈ ‒ω R/2. 
 

 

Figure 4. The figure shows the computed strength of resonant wave-particle interaction, supposing that this mode is excited 
by fast D ions. Excitation of the observed n = ‒1 EAE modes (f ≈ 555 kHz as in pulse #95679, see Fig. 3(b)) requires a 
large amount of energetic counter-moving ions (v|| < 0) in the plasma. These modes are most effectively driven by fast 
counter-passing ions.  

For fEAE = 555 kHz as in pulse #95679 (Fig. 3(b)), one gets v|| ≈ ‒1.1×107 m/s and  

v|| ≈ ‒5.4×106 m/s, respectively. For fast D ions, these velocities correspond to energies of 

about 1.2 MeV and 0.3 MeV. Note that weak higher-order wave-particle resonances for  

p = -2, -3, … are also visible in Fig. 4, but only at negative pitches and at high D energies. 

An important remark is that while the p = 2 resonance can be formally identified for particles 

with a positive pitch, the energy transfer between these D ions with v|| > 0 and the n = ‒1 

EAE mode is several orders of magnitude less efficient and thus not visible in Fig. 4. 
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Simultaneously with the observation of the n = ‒1 EAE mode, axisymmetric modes 

with n = 0 were also detected in the same EAE frequency range. These modes were also 

observed in the past fast-ion experiments with the 3rd harmonic D ICRF acceleration in 

D-3He plasmas on JET-ILW and the free source of energy to destabilize n = 0 modes is 

provided by positive gradients in the fast-ion energy distribution function, 𝜕𝑓 𝜕𝐸⁄  > 0 [24]. 

Thus, the observation of n = 0 modes in these JET experiments implies the presence of 

a population of fast ions with a bump-on-tail distribution. Note that the excitation of n = 0 

modes does not impose a constraint on the sign of the parallel velocity of resonant ions and 

these modes can be excited through the energy transfer from fast ions with both v|| < 0 and 

v|| > 0. 

 In the discussed JET experiments the 3-ion D-(DNBI)-
3He ICRF scenario with D-NBI 

ions as resonant absorbers was applied to accelerate these ions to higher energies in the 

vicinity of the IIH layer in mixed D-3He plasmas [7, 8, 11]. As the NBI system at JET injects 

fast ions predominantly in the co-direction, i.e. with v|| > 0 (see the black dashed line in 

Fig. 5), the developed fast-ion scenario provides a strong selectivity on the sign of the 

parallel velocity for resonant ions accelerated with ICRF. This is supported by gamma-ray 

measurements and TRANSP simulations, confirming the preferential generation of highly 

energetic D ions with positive parallel velocities, v|| > 0. TRANSP modelling also shows that 

counter-passing energetic D ions, which are required to drive the observed n = ‒1 EAE 

modes under these conditions (see Fig. 4), are virtually absent in the fast-ion distribution. 

Furthermore, the computed pitch-angle averaged distribution function of ICRF-accelerated 

fast D ions monotonically decreases with energy and does not have a bump-on-tail needed 

to drive the observed n = 0 modes in the EAE frequency range unstable. In the case of a 

sawtooth, the post-crash neutron rate growth indicates that D ions are in a continuous 

acceleration with 𝜕𝑓𝐷 𝜕𝐸⁄  < 0. 

 

Figure 5. The distribution function of ICRF-accelerated fast D ions at ED = 100 keV (NBI injection energy) and 

ED = 1.2 MeV as a function of the pitch parameter, computed by the TRANSP code for JET pulse #95679 (see Fig. 1(b)). 

Note that the fast-ion distribution function at ED = 100 keV was plotted with a multiplication function of 0.1 to illustrate 

the two distributions on a comparable scale. 

 These observations imply that the simultaneously observed n = ‒1 and n = 0 modes 

in the EAE frequency range are driven as a result of resonant wave-particle interaction with 

another fast-ion population present in the plasma. In what follows, we demonstrate that the 

fast-ion observations are consistent with the hypothesis of D-3He fusion-born alpha particles 

as the drive for these modes. 
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 Figure 6(a) shows the birth spectrum of alpha particles calculated with the Monte-

Carlo code GENESIS [25, 26], using the TRANSP distribution function for fast D ions as 

input and the extended D-3He fusion cross sections [27]. The fusion-born alpha particles 

have a rather large broadening in energy space, ranging between ~2 MeV and ~7 MeV. More 

importantly, the population of alpha particles naturally includes fast ions with a pitch 

parameter covering the full range from v||/v = ‒1 (counter-passing alphas) to v||/v = +1 (co-

passing alphas). These are depicted with red solid and dotted lines in Fig. 6(a), respectively. 

 As follows from the MHD mode analysis presented above, the energy transfer 

between the counter-passing fast ions with v|| ≈ ‒1.1×107 m/s and v|| ≈ ‒5.4×106 m/s and 

n = ‒1 EAE modes is the most efficient. The map showing the efficiency of the resonant 

wave-particle interaction for alpha particles as a function of their energy and pitch, is shown 

in Fig. 6(b). Note that it is rather similar to the one for D ions (Fig. 4), but the corresponding 

wave-particle resonances are shifted towards higher fast-ion energies as a result of a higher 

mass of alpha particles. As follows from the figure, counter-passing alphas with energies 

Eα ≈ 2 MeV provide the strongest drive for the n = ‒1 EAE mode. These particles are 

naturally present in the plasma, originating from the D-3He fusion reactions. Note the rather 

high alpha production rates that were reached in these fast-ion experiments on JET, 

comparable or even higher than the D-D neutron rates. For example, a D-D neutron rate of 

~1×1016 s-1 was achieved in JET pulse #95679, while the D-3He fusion rate was estimated 

to be ~2×1016 s-1 (see Fig. 1(b)). 

 

 

 

 

Figure 6. (a) – the birth spectrum of D-3He fusion-born alpha particles has a rather large broadening in energy space 2 MeV 

< Eα < 7 MeV with a pitch parameter covering the full range from v||/v = ‒1 (counter-passing alphas) to v||/v = +1 (co-

passing alphas); (b) –  computed efficiency of the resonant wave-particle interaction between alpha particles and the 

observed n = ‒1 EAE modes (f = 555 kHz, cf. Fig. 3(b)).  

 

Mechanism to generate a persisting bump-on-tail energy distribution of the D-3He 

fusion-born alpha particles 

The observation of the n = 0 mode in the EAE frequency range implies a positive 

gradient in the particle energy distribution at rather high energies. Yet the steady-state 

slowing-down distribution of fusion-born alphas decreases monotonically as a function of 

energy and thus does not feature a bump-on-tail. If the n = 0 modes are indeed driven by 
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alpha particles born in D-3He fusion reactions, how can the condition  be 

achieved in these fast-ion experiments? 

 A substantial redistribution of fast D ions as a result of the sawtooth crashes was 

observed in these experiments. This, in turn, leads to a periodic modulation of the production 

rate of D-3He fusion-born alpha particles. Note that while the D-D neutron rate increases 

with the energy of the fast D ions, the energy dependence of the D-3He fusion reactivity has 

a maximum at ED ≈ 0.44 MeV [5]. For example, at ED = 0.7 MeV the D-D neutron rate is 

lower by 25% as compared to the reactivity rate at ED = 1 MeV, while the alpha rate from 

the D-3He fusion is larger by ~50%. 

 Figures 7(a) and (b) show the reconstructed neutron emission profile shortly before 

and after the monster sawtooth crash at t = 11.03 s in JET pulse #95679. The dotted lines 

show the lines-of-sight of 10 horizontal and 9 vertical neutron camera channels. Following 

a sawtooth crash, the neutron emissivity from the plasma core is reduced, while an increase 

in the neutron emissivity is observed in the channels with a line-of-sight further away from 

the plasma centre. This is illustrated in Fig. 7(c), showing the temporal evolution of neutron 

counts measured by channels #5 and #6. Note that the monster sawtooth crash leads only to 

a moderate decrease of ~20% of the total neutron rate. 

 

 

Figure 7. (a) and (b) – the reconstructed neutron emission profile shortly before and after the monster sawtooth crash at 

t = 11.03 s in JET pulse #95679; the dotted lines show the lines-of-sight of the 19 neutron camera channels; (c) – time 

evolution of the neutron counts during the sawtooth crash (normalised units), as measured by channels #5 and #6 of the 

neutron camera at JET; (d) – the lost alpha particle signal measured with FILD (ρL ≥ 11 cm, Eα ≥ 4.8 MeV). 

The presence of the confined and lost alpha particles was independently confirmed 

by the gamma-ray [15, 16] and fast-ion loss detector (FILD) measurements [17]. The former 

relies on measuring high-energy gamma-rays (Eγ ≈ 17MeV), originating from the 
3He(D,γ)5Li reaction, which is a weak branch of the D-3He fusion reaction. However, the 

diagnostic temporal resolution is not enough to track the detailed fast-ion dynamics during 

the sawtooth crash. 

 The FILD system at JET is equipped with 16 photomultipliers, which are providing 

fast signals (Δt ≈ 0.5 μs) of energetic ions with different energies and pitch-angles escaping 

from the plasma. Figure 7(d) shows the dynamics of the FILD signal measuring high-energy 

ions with a Larmor radius ρL ≥ 11 cm (Eα ≥ 4.8 MeV) and a pitch angle in the range 

~550-700. The loss rate of the alpha particles is increased by ~60% with respect to the level 

before the sawtooth crash at t = 11.03s and the relaxation of the FILD signal takes place on 
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the time scale of ~200 ms. Note also that in pulse #95679 the n = 0 mode in the EAE 

frequency range disappears at t ≈ 11.17s, as shown in Fig. 3(b). 

The mechanism for a persisting bump-on-tail distribution of the resonant fast ions 

exciting AEs is very similar to the one applied in recent NBI experiments in DIII-D, where 

short beam modulation periods were applied to create transiently a bump-on-tail velocity 

distribution [28]. However, in the JET experiments in D-3He plasmas reported here, such a 

mechanism is self-sustained, since the source rate of fusion-born alpha particles was 

modulated by the sawtooth period.  

In pulses with sawtooth periods shorter than the typical relaxation time for fusion-

born alphas, alpha particles did not have enough time to decelerate to thermal energies with 

the associated monotonically decreasing slowing-down distribution. Thus, the ratio 

 is a characteristic parameter that defines the time evolution of the distribution 

function of the alphas [29]. To estimate the relevant time scales, we note that the 

characteristic slowing-down time of alphas is given by: 

  ,    (4) 

where τse is the Spitzer slowing-down time, E0 and Ecrit ≈ 41 Te is the initial and the critical 

energy for alpha particles, at which the rate of loss of energy to the electrons and to the ions 

is equal. That yields  for alpha particles with birth energies of ~3.6 MeV for 

the conditions of these JET experiments. 

In the reported series of fast-ion experiments in D-3He plasmas, the sawtooth period 

varied from rather short Δtsaw ≈ 150-200 ms up to very long Δtsaw ≈ 3.9 s, thus providing a 

scan through the conditions  to . Note that EAE modes in pulses 

with short-period sawteeth persist during the whole sawtooth period (excluding the period 

of delayed onset following the crash). Such unusual experimental conditions prevent the 

creation of a steady-state slowing-down distribution of alpha particles, and, in turn, sustain 

a bump-on-tail because of the periodic modulation of the alpha particle source. 

Summary and conclusions  

In this letter we showed that there is a well-defined way to generate conditions 

favorable for the excitation of AEs with n = ‒1 and n = 0 by fusion-born alpha particles from 

the D-3He reaction. In such reaction, with the birth energy and kinematics of alpha particles 

are similar to those released in D-T reactions but with relatively low neutron production, 

which allows use of fast-ion diagnostics unsuited to the high neutron flux environment of 

DT experiments.  

In our experiments we show that only the fusion-born α-particles can effectively 

excite n = ‒1 EAEs, which has been confirmed with a linear stability analysis. 

For the first time, we propose a theoretical mechanism and provide experimental 

evidence for the fusion alphas bump-on-tail distribution required to excite n = 0 AEs, which 

is self-sustained by a periodic modulation of the fusion source due to sawtooth crashes. 

The demonstration of AEs driven by fusion-born α-particles in D-T plasmas is one 

of the main objectives in the forthcoming D-T campaign on JET. An extension of the 

technique presented in this paper is to apply a periodic modulation of NBI power in D-T 

plasmas with a period shorter than the characteristic slowing-down time of fusion-born 

alphas.  
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The Alfvén instability is a significant issue for high-Q operation in ITER. Indeed, 

the excitation and interaction of fusion-born alpha particles with n = ‒1 and n = 0 modes in 

the EAE frequency range studied in these experiments is important for the development of 

magnetic fusion reactors since the consequences on fast ion transport and confinement can 

be substantial. 
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