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Generation and observation of fast deuterium ions and fusion-born alpha particles in JET D -3 He plasmas

with the 3-ion radio-frequency heating scenario

Introduction

Understanding the transport and confinement of fast ions and, in particular, fusion born alpha particles in burning plasmas is one of the key missions to demonstrate the feasibility of fusion as an energy source. Although a number of aspects of alpha particle physics can only be studied in burning plasmas, some can be anticipated in present machines. To this end, the Joint European Torus (JET) has established an ambitious scientific program in preparation of its future deuterium-tritium (DTE2) campaign, aiming, among others, at developing dedicated scenarios where the effects of alpha particles from the fusion reactions can be studied [START_REF] Joffrin | Overview of the jet preparation for deuterium-tritium operation with the iter like-wall[END_REF][START_REF] Dumont | Scenario development for the observation of alpha-driven instabilities in jet dt plasmas[END_REF]. One possibility is offered by the 3-ion radio-frequency (RF) heating scenario [START_REF] Ye O Kazakov | On resonant icrf absorption in three-ion component plasmas: a new promising tool for fast ion generation[END_REF][START_REF] Ye O Kazakov | Efficient generation of energetic ions in multi-ion plasmas by radio-frequency heating[END_REF] in D-T plasmas, by accelerating tritons or deuterons from neutral beam injection (NBI) to high enough energies that maximize the D-T reactivity [START_REF] Kazakov | Plasma heating and generation of energetic d ions with the 3-ion icrf+ nbi scheme in mixed hd plasmas at jet-ilw[END_REF] at moderate input auxiliary heating power. This fast-ion scenario relies on the combined use of NBI and ICRF where NBI provides the source of resonant absorbers at the ion-ion hybrid (IIH) layer in mixed plasmas, where the left-hand RF polarization is strongly enhanced. The fast-ion distribution function of the RF-accelerated beam ions can be controlled by varying the ratio P ICRF /P NBI . In this way rather high neutron rates can be obtained with a moderate amount of total auxiliary heating power, as shown in proof-of-principle studies in H-D plasmas on JET [START_REF] Kazakov | Plasma heating and generation of energetic d ions with the 3-ion icrf+ nbi scheme in mixed hd plasmas at jet-ilw[END_REF][START_REF] Ye | Physics and applications of the 3-ion icrf scenarios for fusion research[END_REF]. In view of demonstrating the feasibility of this heating scenario for alpha physics studies in D-T, we have performed a series of dedicated experiments in mixed D - 3 He plasmas on JET (B 0 ≈ 3.7T, I p = 2.5MA, n e0 ≈ 6 × 10 19 m -3 , f = 32.2-33.0 MHz, dipole phasing; B 0 , I p , n e0 and f are here the core magnetic field, plasma current, core electron density and applied RF frequency, respectively). In these studies, large 3 He concentrations n( 3 He)/n e ≈ 20-25% were used to purposely position the IIH layer in the plasma core, where acceleration of D-NBI ions with ICRF waves was expected to take place (see figure 1). Note the dual function for 3 He ions in this fast-ion scenario. The concentration of 3 He ions not only defines the location of the IIH layer (similar to the effect of the isotopic H:D ratio in earlier experiments with the 3-ion D-(D NBI )-H scenario [START_REF] Kazakov | Plasma heating and generation of energetic d ions with the 3-ion icrf+ nbi scheme in mixed hd plasmas at jet-ilw[END_REF]), but the 3 He ions also act as the target in D -3 He fusion reactions [START_REF] Nocente | Cross section of the d+ 3he α+ p reaction of relevance for fusion plasma applications[END_REF] with deuterons accelerated by ICRF: D (fast) + 3 He (target) → 4 He(3.6MeV) + p (14.7MeV) [START_REF] Joffrin | Overview of the jet preparation for deuterium-tritium operation with the iter like-wall[END_REF] With the IIH layer placed on-axis, the cyclotron resonances for thermal D and 3 He ions are located at the high field side and low field side off-axis, as shown in Fig. 1. Note that neither thermal D nor 3 He ions can fulfil the resonance condition for the fundamental ion cyclotron interaction, ω = ω ci + k v ,i , at the IIH layer, where most of the power absorption takes place thanks to the left handed polarization of the RF wave electric field in this region. Here, k and v are the wavenumber and particle velocity parallel to the confining magnetic field. Similar to earlier experiments in mixed H-D plasmas, tangential NBI injectors with E NBI ≈ 100 keV and pitch λ = v /v ≈ 0.62 were used to provide resonant absorbers at the position of the IIH layer. Guided by former experiments with the 3-ion D -(D NBI ) -H scenario and associated PION analysis [START_REF] Kazakov | Plasma heating and generation of energetic d ions with the 3-ion icrf+ nbi scheme in mixed hd plasmas at jet-ilw[END_REF][START_REF] Mj Mantsinen | Modelling of three-ion icrf schemes with pion[END_REF], we varied the ICRF and NBI power (P ICRF ≈4-6MW, P NBI ≈ 3-20MW) and the ratio P ICRF /P NBI , as main actuators to change the fast-ion distribution of RF-accelerated D NBI ions. This resulted in D-D neutron rates that ranged between ≈ 2 × 10 15 s -1 and ≈ 1 × 10 16 s -1 in the series of discharges we have performed, at variable P ICRF /P NBI . The extended set of JET fast-ion measurements, in particular neutron [START_REF] Eriksson | Measuring fast ions in fusion plasmas with neutron diagnostics at jet[END_REF] and gammaray spectrometers [START_REF] Nocente | Mev range particle physics studies in tokamak plasmas using gamma-ray spectroscopy[END_REF][START_REF] Vg Kiptily | Gamma ray diagnostics of high temperature magnetically confined fusion plasmas[END_REF], have been used to provide information on the energy and spatial distribution of the accelerated deuterium and fusion-born alpha particles [START_REF] Moseev | Recent progress in fast-ion diagnostics for magnetically confined plasmas[END_REF][START_REF] Salewski | Mev-range velocity-space tomography from gamma-ray and neutron emission spectrometry measurements at jet[END_REF]. Recent upgrades of the gamma-ray diagnostic at JET [START_REF] Nocente | High resolution gamma ray spectroscopy at mhz counting rates with labr {3} scintillators for fusion plasma applications[END_REF][START_REF] Nocente | Gamma-ray spectroscopy at mhz counting rates with a compact labr3 detector and silicon photomultipliers for fusion plasma applications[END_REF][START_REF] Rigamonti | Performance of the prototype labr3 spectrometer developed for the jet gamma-ray camera upgrade[END_REF][START_REF] Rigamonti | The upgraded jet gamma-ray cameras based on high resolution/high count rate compact spectrometers[END_REF] made it possible to unambiguously identify the production of MeV-range deuterons and fusion-born alpha particles and to study some of their properties.

In this paper we describe the main experimental results obtained in recent fast-ion experiments on JET with the 3-ion D-(D NBI )-3 He scenario, including the unambiguous confirmation of the generation of co-passing energetic D ions and fusion-born alpha particles in the plasma core. These plasmas show a number of additional, interesting phenomena linked to the presence of the energetic ions generated by the 3-ion scenario.

In particular, the rich variety of fast-ion driven Alfvén eigenmodes (AEs) observed raise a number of questions that deserve detailed further investigations. Rather surprisingly, the complex AE activity seems not to be detrimental for the thermal confinement as indicated, among others, by the systematic observation of T i ≈ T e in these plasmas with dominant core electron heating from the fast ions. Another important observation is the systematic appearance of reversed shear AEs (RSAEs) during monster sawteeth (>≈ 1 s), indicating that a non monotonic q-profile was developed and sustained in these plasmas by the large fast-ion populations generated by the 3-ion ICRF scenario.

Experimental results

Figure 2 shows the time evolution of the main physical parameters of two JET-ILW pulses #94698 and #95679, where the D -(D NBI ) - ) was observed in the phase with P ICRF ≈5.8MW. In pulse #95679 with higher NBI power and lower P ICRF /P NBI , the period of sawtooth oscillations was significantly shorter, varying between ≈200-300 ms and ≈700 ms.

There is a remarkable increase in the neutron rate when ICRF is applied in combination with NBI. In pulse #94698, the neutron rate increased from ≈ 3 × 10 14 s -1 in the NBI only phase to ≈ 2.3 × 10 15 s -1 in the first ICRF + NBI phase with ≈4.0MW of ICRF, and later to ≈ 8.2 × 10 15 s -1 when the ICRF power reached ≈6.0 MW. Note the continuous increase in neutron rate and plasma stored energy during the monster sawtooth phase in #94698. In pulse #95679, an even higher neutron rate of ≈ 1 × 10 16 was achieved. The high efficiency of the generation of energetic D ions in the plasma core has been confirmed by measurements of the neutron spectrum with the TOFOR instrument [START_REF] Gatu | The 2.5-mev neutron time-of-flight spectrometer tofor for experiments at jet[END_REF], which has a vertical line-of-sight passing through the plasma core. TOFOR measurements for #95679 imply that most of the deuterons had MeV range energies, up to about ≈2 MeV. The production of energetic D ions occurs together with the generation of fusion-born alpha particles from the D -3 He reaction. This is demonstrated in Figure 3, showing the gamma-ray spectra recorded during the combined ICRF + NBI phase in #95679 by two independent gamma-ray spectrometers. One is a high-purity Germanium detector [START_REF] Tardocchi | Spectral broadening of characteristic γ-ray emission peaks from c 12 (he 3, p γ) n 14 reactions in fusion plasmas[END_REF], that has the same vertical line-of-sight passing through the plasma core as TOFOR (Fig. 3 (a)), while the other is a LaBr 3 (Ce) detector [START_REF] Nocente | Energy resolution of gamma-ray spectroscopy of jet plasmas with a labr 3 scintillator detector and digital data acquisition[END_REF], that has a tangential line of sight passing about 30 cm below the magnetic axis (Fig. 3 (b)). Two regions in the recorded gamma-ray spectra are important to understand the fast-ion observations and reveal more information on the fast-ion populations in these D -3 He plasmas. First, we note several peaks in the interval between 2 MeV and 5 MeV. Those in the energy range E γ =2 MeV to 4 MeV originate from nuclear reactions between fast D ions and 9 Be, namely d + 9 Be → n + 10 B * and d + 9 Be → p + 10 Be * , and that result in the production of the excited heavy nuclei 10 B * and 10 Be * , which decay through the emission of a gamma-ray [START_REF] Eriksson | Dual sightline measurements of mev range deuterons with neutron and gamma-ray spectroscopy at jet[END_REF]. 9 Be is the main low-Z impurity in JET-ILW plasmas. The observation of these lines confirms the presence of fast D ions with energies of ≈0.5 MeV and higher [START_REF] Eriksson | Dual sightline measurements of mev range deuterons with neutron and gamma-ray spectroscopy at jet[END_REF][START_REF] Vg Kiptily | γ-ray diagnostics of energetic ions in jet[END_REF], at which the cross sections for D + 9 Be reactions start to become significant. Of special interest is, furthemore, the peak at E γ =4.44 MeV and that comes from the α + 9 Be → n + 12 C * reaction between 4 He ions in the MeV range and 9 Be impurities in the plasma. The fact that these 4 He ions are confined α particles from the D+ 3 He reaction (see equation 1), and not unwanted 4 He impurities that may unexpectedly absorb some RF power, comes from the observation of counts in the energy range E γ > 10 MeV, see Fig. 3 (b). Note that in addition to the main channel of the D + 3 He fusion reactions with an alpha particle as fusion product (see Eq. 1), there is a weak electromagnetic branch of this reaction, i.e. d + 3 He → γ + 5 Li , with 5 Li as the fusion product and a probability ≈10 -5 . This leads to the generation of high-energy gammas, E γ ≈ 17 MeV [START_REF] Se Sharapov | Fusion product studies via fast ion d-d and d-3he fusion on jet[END_REF][START_REF] Nocente | Conceptual design of the radial gamma ray spectrometers system for α particle and runaway electron measurements at iter[END_REF]. In other words, for each 10 5 α particles generated by d + 3 He → α + p , there must be approximately one 17 MeV gamma-ray born from the d + 3 He → γ + 5 Li reaction and that we detect as the broad structure in the spectrum of figure 3 (b) because of the peculiar detection mechanism of the 17 MeV gamma-rays, as well as due to their ≈1.2 MeV intrinsic broadening at the source [START_REF] Nocente | Gamma-ray emission spectrum from thermonuclear fusion reactions without intrinsic broadening[END_REF][START_REF] Nocente | Conceptual design of the radial gamma ray spectrometers system for α particle and runaway electron measurements at iter[END_REF]. In summary, the simultaneous observation of E γ > 10 MeV counts in the gamma-ray spectrum of figure 3 (b), together with the E γ = 4.44 MeV line of figure 3 (a), suggests that α particles are being produced by d + 3 He → α + p , and are confined long enough to be detected by the gamma-ray emission from α + 9 Be → n + 12 C * .

Strong core localization of energetic D ions generated with the 3-ion D -(D NBI ) -3 He scenario has been independently confirmed by the measurements with the JET neutron camera [START_REF] Adams | The jet neutron emission profile monitor[END_REF], consisting of 10 horizontal and 9 vertical channels. Figure 1 shows the spatial profile of the neutron emission and the tomographic inversion of the neutron camera data for pulse #95679, highlighting that neutrons are mostly born in a small zone of ≈20 cm around the magnetic axis. This result confirms the theoretical expectations for the 3-ion ICRF scenario that energetic D ions are effectively generated in the vicinity of the IIH layer in the core of D -3 He plasmas, see Fig. 1.

The large population of fast ions, deuterons and fusion-born alpha particles, is accompanied by a rich variety of Alfvénic eigenmodes (AEs). Figure 4 shows the MHD spectrograms measured by the magnetic coils in pulses #94698 and #95679, including toroidicity-(TAEs) and ellipticity-induced (EAEs), reversed shear (RSAEs) and global n = 0 AEs (GAEs; for simplicity, these are still marked as EAEs in the figure as they appear in that frequency range) [START_REF] Nikolai N Gorelenkov | Energetic particle physics in fusion research in preparation for burning plasma experiments[END_REF]. An assessment of the nature of these MHD modes identifies those in the frequency range between 500 kHz and 600 kHz as EAEs and GAEs, while modes in the range 200 kHz to 300 kHz are identified as TAEs. RSAEs start at a frequency of about 100 kHz and sweep up to the TAE frequencies, unless a sawtooth crash interrupts this evolution. All of these different AEs were regularly observed in this series of discharges in D -3 He plasmas, suggesting that they must be related to the particular experimental conditions created by the use of the 3-ion scenario.

Furthermore, the presence of a specific type of AE instability depends on the duration of the sawtooth period. The discharges can be grouped in two categories, those with sawtooth periods of some hundreds of ms and those with periods of some seconds. The MHD spectrogram for the first type of discharges (see Fig. 4(b)) shows that EAEs and GAEs are particularly strong in this case, while RSAEs are short lived. Vice versa, during long-period sawteeth the RSAE frequency fully evolves until it approaches that of the TAE gap, see Fig. 4(a). By using the set of Mirnov coils available at JET we can further determine the toroidal number n of the observed modes. Besides instabilities with n = 1 through n = 4, both in the TAE and EAE frequency range, we also systematically observe modes with n = 0 (identified as a GAE) and EAEs with negative mode numbers, in particular n = -1. The spatial localization of the AEs is provided by the correlation reflectometer, available for most of the discharges, indicating that the AEs are typically located close to the plasma core, within ≈20 cm from the magnetic axis. For discharges with long sawtooth periods, the AE dynamics are more complex. As for cases with short sawteeth, EAEs appear about 90 ms after the crash and persist for about 100 ms. An important observation in these discharges is the presence of RSAEs with n = 3, n = 2 and n = 1, with frequencies evolving in time from the Geodesic Acoustic Mode (GAM) up to the TAE frequencies. Interestingly, a continuous increase in neutron rate and plasma stored energy is regularly observed during the monster sawtooth phases with RSAEs. The very observation of RSAEs implies that the q-profile must be nonmonotonic in this phase. Since non-inductive current drive was not purposely applied by external means, an intrinsic mechanism must be present that drives the current necessary for the reversal in the q-profile. As discussed in the next section, the strong core localization of the RF power deposition characteristic of the 3-ion ICRF scenarios leads to a very effective generation of a large population of fast co-passing D ions in the central region of the plasma. These fast D-ions are the obvious candidate particles to drive non-inductive current, which could contribute to the modification of the q-profile [START_REF] Ye | Physics and applications of the 3-ion icrf scenarios for fusion research[END_REF]. Despite the rich variety of MHD activities driven by the energetic ions, we find that these modes do not have a detrimental effect on the global plasma parameters. On the contrary, the energy confinement time and the ion and electron temperature profiles of these plasmas suggest that there is an overall beneficial effect of the fast particles on thermal plasma transport. Figure 5 shows the electron and ion temperature profiles measured in JET pulse #94700 (P ICRF ≈6.0MW and P NBI ≈6.3MW), that illustrates the type of T e and T i profiles observed in this series of discharges. The ion temperature profile was obtained by charge exchange analysis of lines from Neon, which was purposely injected into the plasma for T i measurements. As the developed fast-ion scenario efficiently generates MeV-range energetic ions, collisional electron heating is a dominant heating source in the plasma core, i.e. for a normalized toroidal radius ρ < 0.2 according to TRANSP [START_REF] Budny | A standard dt supershot simulation[END_REF] simulations. In particular, TRANSP predicts that the electron heating is twice as large as ion heating at the location of the magnetic axis. Despite that, we systematically observe T i ≈T e for all the pulses where good-quality Ne charge-exchange data are available. The observation that T i /T e ≈1 in plasmas with dominant fastion electron heating is very promising in view of ITER. Despite the L-mode nature of the plasmas, a rather high plasma stored energy was systematically observed in the phases with the combined ICRF and NBI heating, compared to NBI only. A prominent example comes from the direct comparison between discharges #94701 and #94704, where the same total heating power of 14 MW was applied by combined NBI+ICRF (#94701) or NBI only (#94704) (see figure 12 of [START_REF] Kazakov | Plasma heating and generation of energetic d ions with the 3-ion icrf+ nbi scheme in mixed hd plasmas at jet-ilw[END_REF]). The plasma stored energy is twice as large for #94701 compared to #94704. This observation, in combination with the direct comparison of T e and T i profiles for D -3 He plasmas heated with NBI-only at the same total heating power, plasma density and other operational conditions (see Fig. 12 in [START_REF] Kazakov | Plasma heating and generation of energetic d ions with the 3-ion icrf+ nbi scheme in mixed hd plasmas at jet-ilw[END_REF]), implies that turbulent transport may have been reduced when the 3-ion D -(D NBI ) -3 He was applied for plasma heating.

The rich and partly unexpected variety of phenomena that are present in the discharges we have studied raise a number of questions that require a detailed further investigation. In what follows, we provide first hypotheses to explain the observations. A further detailed assessment is ongoing and will be reported in future papers.

Discussion

We first focus on the nature of the orbits of the fast deuterons generated with ICRF. As follows from quasi-linear theory [START_REF] Eriksson | On the orbit-averaged monte carlo operator describing ion cyclotron resonance frequency wave-particle interaction in a tokamak[END_REF][START_REF] Howard | Fast-wave heating of a two-component plasma[END_REF][START_REF] Allan N Kaufman | Quasilinear diffusion of an axisymmetric toroidal plasma[END_REF], the evolution of the fast-ion distribution function f 0 under ICRF is described by

< Q(f 0 ) >= N,n,ω L N,n,ω (D 0 L N,n,ω f 0 ) (2)
where D 0 is a diffusion coefficient and the operator L n,N,ω is given by

L n,N,ω = ω ∂ ∂E + ω c0 n -Λω E ∂ ∂Λ + N ∂ ∂P Φ (3)
Here, ω is the angular RF frequency, n is the cyclotron harmonic (n = 1 for the 3ion ICRF scenarios), ω c0 is the on-axis cyclotron resonance frequency, N is the toroidal mode number and φ is the toroidal angle. In this formalism, the phase space trajectories of resonant ions are described by changes of the energy E, normalized magnetic moment Λ (Λ = µB 0 /E, with µ the magnetic moment and B 0 the magnetic field at the magnetic axis) and toroidal component of the canonical angular momentum P φ . For a toroidally symmetric system ∂ ∂P φ = 0. When collisions are neglected, we find from Eqs. 2 and 3 that small changes in E and Λ during ICRF acceleration are given by (see also Equation [START_REF] Eriksson | Dual sightline measurements of mev range deuterons with neutron and gamma-ray spectroscopy at jet[END_REF] in [START_REF] Eriksson | On the orbit-averaged monte carlo operator describing ion cyclotron resonance frequency wave-particle interaction in a tokamak[END_REF])

∆Λ = (Λ ∞ -Λ) ∆E E (4) 
where Λ ∞ = ω c0 /ω. We note that Λ ∞ acts as a phase space attractor, i.e. it is the asymptotic normalized magnetic moment that is approached by the particle as its energy increases under the application of ICRF. Equation 4 implies a detailed relationship between the particle pitch λ = v /v and its energy E. By noting that λ 2 = 1 -Λ 2 , one can show that

λ(E) = λ 2 ∞ + E 0 E (λ 2 0 -λ 2 ∞ ) (5) 
which mathematically implies that λ → λ ∞ as E → ∞, and where λ 0 is the pitch of the fast particle at the beginning of the acceleration.

For the 3-ion D -(D NBI ) -3 He scenario with the IIH layer located on-axis (B 0 =3.7T, f = 32.2-33 MHz), λ ∞ ≈0.34-0.38. Furthermore, the trapped-passing boundary in the plasma region very close to the magnetic axis has a peculiar structure that facilitates the presence of co-passing fast ions with v > 0 at energies above NBI injection energy. In this way, the combination of the strong localization of the RF power deposition in the plasma core, the non-standard trapped/passing boundary in that region and the quasilinear evolution of the fast ions ensure that co-passing NBI ions stay on passing orbits and do not become trapped as they absorb RF power and increase their energy [START_REF] Ye | Physics and applications of the 3-ion icrf scenarios for fusion research[END_REF]. We note that this is possible only thanks to the peculiar properties of the 3-ion ICRF scenario, with very strong energy deposition and fast-ion generation in a small volume close to the magnetic axis (see also Figure 1). This is quite different from more common ICRF heating scenarios, e.g. minority ICRF heating, where the power absorption takes place in a larger (vertically stretched) plasma volume and at larger normalized radii ρ, such that ICRF-generated fast ions become predominantly trapped as they absorb RF power.

The result given by Eq. 5 is supported by TRANSP simulations for JET pulse #95679. Figure 6(a) shows the computed distribution function of the fast D ions in the core region of the plasma as a function of their pitch at E D = 0.8 MeV, 1.1 MeV and 1.4MeV. At the NBI injection energy, the population of fast D ions is peaked at λ 0 ≈ 0.62. As follows from Fig. 6(a), at high energies most of the ICRF-accelerated D-NBI ions have a pitch between 0.35 and 0.40. Note that the perpendicular energy of these fast ions represents ≈85% of the total energy, consistent with the fact that RF cyclotron interaction predominantly increases the perpendicular velocity of resonant ions. A direct confirmation of the co-passing nature of the fast deuterons comes from a detailed analysis of the shape of the 2.87 MeV gamma-ray peak born from D + 9 Be nuclear reactions and measured with a high purity Germanium (HpGe) detector. In Fig. 6(b) we show the sum of the experimental data from discharges #95677, #95679, #95680, #95683 where the HpGe was active, together with the expected shape of this line computed with the GENESIS code [START_REF] Tardocchi | Spectral broadening of characteristic γ-ray emission peaks from c 12 (he 3, p γ) n 14 reactions in fusion plasmas[END_REF][START_REF] Nocente | Neutron and gamma-ray emission spectroscopy as fast ion diagnostics in fusion plasmas[END_REF] and assuming that the fast deuterons have λ ≈ 0.4 (solid red line) and λ ≈ 0.0 (blue dotted line). The latter occurs in most of the commonly used ICRF scenarios. Besides the peak shape, with the code we can also compute the relative amount of gamma rays emitted in both cases. In this way, there is only one parameter to fit between simulations and data, i.e. the conversion factor between the output of the code for the λ ≈ 0.40 case (gammas/second/keV produced along the instrument line of sight) and the counts measured experimentally in the region of the 2.87 MeV peak. In agreement with theory, we find that the shape of the computed curves assuming λ ≈ 0.4 agrees rather well with the measured shape of the E γ = 2.87 MeV peak. For λ ≈ 0.0, instead, the model systematically predicts lower values at the centre of the line. This synthetic analysis confirms that the 3-ion ICRF scenario is effective in generating a large population of co-passing fast D ions with λ ≈ 0.3 -0.5 in the central region of the plasma. We note that the co-passing deuterons may provide a current contribution that favours the excitation of the RSAEs. As noted earlier, the very observation of RSAEs (which appear in between the sawtooth crashes) implies that the q-profile must be nonmonotonic and one candidate contribution to the reversal of q may come from the copassing deuteron population itself, which could be slightly off-axis due to the Shafranov shift or the spatial redistribution resulting from its interaction with the MHD activity.

While we are aware that the detailed relation between the presence of a co-passing deuteron population, the reversal of q and the excitation of RSAEs might be complex and therefore needs to be studied in detail, we also suggest that, if fully understood, it may transform the 3-ion ICRF scenario in a tool for tailoring the q profile in future applications. The topic will be the subject of future studies.

In addition to RSAEs, the fast ions excited various AE instabilities, particularly in the range between 500 kHz and 600 kHz with toroidal mode numbers n = 0 and n = -1. As the appearance of these modes occurs together with the generation of an unusually large alpha particle population, at the level of ≈ 10 16 particle/s according to TRANSP and thus comparable to the neutron emission from these plasmas as measured by the fission chambers (see figure 2), a possibility exists that some of the modes may be partly or entirely alpha driven. This applies in particular to the above mentioned n=0 and n=-1 instabilities, whose resonance conditions seem to be more easily satisfied by the MeV range, relatively isotropic alpha particle population according to an ongoing analysis [START_REF] Kiptily | Evidence for alfvén eigenmodes driven by alphaparticlesin d-3 he fusion experiments on jet[END_REF].

The rich variety of AE activities present in the plasma does not have a detrimental effect on the global plasma parameters but, on the contrary, comparable electron and ion temperature are observed in all our discharges with dominant fast-ion electron heating in the plasma core, as surmised for burning plasmas in ITER. Since this is accompanied by a factor 2 higher plasma stored energy compared with plasmas with same input heating power delivered by NBI only, we suggest that the presence of the large population of fast ions located in a small volume around the plasma core may play some key role in improving the energy confinement. A similar observation was made earlier in connection with experiments at ASDEX Upgrade and JET both in L-mode [START_REF] Mantica | Ion heat transport studies in jet[END_REF] and Hmode [START_REF] Challis | Improved confinement in jet high β plasmas with an iter-like wall[END_REF][START_REF] Mj Mantsinen | Bulk ion heating with icrf waves in tokamaks[END_REF] with different sources of fast ions such as 3 He ions generated with ICRF minority heating or NBI fast ions. An explanation of the turbulence mitigation observed in those experiments was advanced in a number of papers, where a key contribution of the energetic ions to the mitigation of Ion Temperature Gradient modes by different mechanisms was found through gyrokinetic simulations [START_REF] Citrin | Nonlinear stabilization of tokamak microturbulence by fast ions[END_REF][START_REF] Bonanomi | Turbulent transport stabilization by icrh minority fast ions in low rotating jet ilw l-mode plasmas[END_REF][START_REF] Di Siena | Electromagnetic turbulence suppression by energetic particle driven modes[END_REF][START_REF] Garcia | Key impact of finite-beta and fast ions in core and edge tokamak regions for the transition to advanced scenarios[END_REF][START_REF] Doerk | Gyrokinetic study of turbulence suppression in a jet-ilw power scan[END_REF]. Although the ICRF heating scheme adopted in our scenario is different with respect to that used in the former experiments, i.e. 3 ion versus 3 He minority ICRF, we share with the latter the presence of a significant, core localized population of fast ions in the MeV range, as well as the experimental observation of a larger than expected bulk ion temperature. For these reasons, we surmise that our scenario may be of interest also for studies on the effects that a large fast ion population in the MeV range can have on the mitigation of bulk plasma turbulence, in view of understanding the role that DT fusion born α particles may have in this respect [START_REF] Garcia | Isotope and fast ions turbulence suppression effects: Consequences for high-β iter plasmas[END_REF].

Conclusions

Dedicated experiments to generate alpha particles from the D -3 He fusion reaction were performed at JET. The experiments were conducted in D -3 He plasmas with the 3-ion D -(D NBI ) -3 He ICRF scenario, in which deuterium ions from NBI are accelerated up to MeV-range energies and 3 He acts as the target of the fusion reactions. The alpha particles (with a production rate in excess of 10 16 s -1 ) and co-passing fast deuterons are generated in a narrow zone around the plasma center as experimentally demonstrated by gamma-ray and neutron measurements. Most importantly, these plasmas show rather unique phenomena, such as a rich variety of AEs, in particular elliptical and reversed shear AEs, and ion and electron temperature profiles with very similar shape and central temperature values, despite the dominant fast-ion electron heating. We propose hypotheses that may explain our experimental findings such as, e.g., the possibility that fusion-born alpha particles contribute to drive some of the AEs, as well as effects from large populations of ICRF-generated co-passing deuterium ions on current drive and modifications of the q-profile. The results we have reported are highly relevant for the development of a scenario that maximizes the production of alpha particles and thus the observation of their effects on the plasma in forthcoming deuterium-tritium experiments at JET. The experimental conditions obtained in our discharges may therefore be of more general interest, as they seem to anticipate novel aspects of alpha particle physics in plasmas without tritium.

Figure 1 .

 1 Figure 1. The poloidal cross-section of the JET tokamak with off-axis location of the ion cyclotron resonance for thermal D and 3 He ions for 3-ion ICRF fast-ion experiments in D -3 He plasmas (3.7T/2.5MA, n e0 ≈ 6 × 10 19 m -3 , f = 32.2-33.0 MHz, dipole phasing, E NBI ≈ 100 keV). The coloured image is a tomographic reconstruction of the neutron emissivity for discharge #95679. The dashed lines are the lines of sight of the JET neutron camera [18].

Figure 3 .

 3 Figure 3. Gamma-ray spectra measured in JET pulse #95679. (a) Data obtained with the high-purity Germanium detector with a vertical line-of-sight passing through the plasma core. The most prominent gamma-ray lines are labelled by the reaction they come from. (b) Data from the LaBr 3 (Ce) detector with a horizontal line-of-sight that passes about 30 cm below the magnetic axis. The broad structure in the energy range E γ > 10 MeV comes from a weak branch of the D -3 He fusion reaction with 5 Li as the fusion product. For E γ < 5 MeV the same peaks of figure (a) are measured by this detector as well.

Figure 4 .

 4 Figure 4. A rich variety of fast-on driven Alfvén eigenmodes is observed in D -3 He plasmas using the 3-ion D -(D NBI ) -3 He scenario: (left) #94698 and (right) #95679.

Figure 5 .

 5 Figure 5. Illustration of the electron and ion temperature profiles in JET experiments in D -3 He plasmas, in which the 3-ion D -(D NBI ) -3 He ICRF scenario accelerated D-NBI ions to MeV range energies. The example shows T e and T i profiles measured in pulse #94700 at t = 10.6s (P ICRF ≈6.0MW, P NBI ≈6.3MW, n e0 ≈ 6×10 19 m -3 )

FastFigure 6 .

 6 Figure 6. (a) The distribution function of ICRF-accelerated fast D ions in #95679 at E D = 800keV, 1100 keV and 1400 keV as a function of the pitch parameter, computed by the TRANSP code. (b) The measured shape of the E γ = 2.87MeV gamma-ray peak, originating from the reactions between fast D and 9 Be, obtained by adding data from discharges #95677, #95679, #95680 and #95683. The solid and dashed lines show the calculated line shape, assuming the same energy distribution of the fast deuterons but for two different values of the pitch: λ ≈ 0 (blue, dashed) and λ ≈ 0.4 (red, solid).
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  2. Overview of two JET-ILW pulses in mixed D -3 He plasmas, where the 3-ion D -(D NBI ) -3 He scenario was applied (3.7T/2.5MA, n e0 ≈ 6 × 10 19 m -3 ,

	n3 He /n e ≈ 20-25%): (a) #94698 and (b) #95679. The panels from top to bottom
	show the NBI and ICRF power, neutron rate, the central electron temperature and
	the plasma stored energy.
	generate high-energy D ions in the core of the D -3 He plasma. In these experiments, a
	high central toroidal magnetic field of 3.7 T was applied and plasmas stayed in L-mode
	(3.7T/2.5MA, n e0 ≈ 6 × 10 19 m -3 , n( 3 He)/n e ≈ 20-25%). Pulses #94698 and #95679
	had a comparable maximum ICRF power (≈5.5-6.0MW), but different NBI power of
	≈4.6MW and ≈7.0 MW. The efficient generation of high-energy D ions with ICRF can
	be immediately seen by comparing the time traces for the measured neutron rate and
	central electron temperature in the phases with NBI-only and the combined NBI+ICRF
	phases. Note the larger ratio P ICRF /P NBI ≈1.3 in JET pulse #94698 as compared to
	P ICRF /P NBI ≈0.8 in #95679, resulting in quite different sawtooth dynamics in these two
	pulses. In pulse #94698, a monster sawtooth with ∆t sw ≈1.9s (t = 8.63-10.53s

3 

He 3-ion scenario was applied

Acknowledgments

This work has been carried out within the framework of the EUROfusion Consortium and has received funding from the Euratom research and training programme 2014-2018 and 2019-2020 under grant agreement No 633053. The views and opinions expressed herein do not necessarily reflect those of the European Commission.