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Introduction

In tokamak plasmas operating in H-mode [START_REF] Wagner | Regime of improved confinement and high beta in Neutral-Beam-Heated discharges of the ASDEX Tokamak[END_REF], magnetohydrodynamic instabilities can lead to a large release of particles and energy to the plasma facing components. In particular, type-I edge localized modes (ELMs) [START_REF] Zohm | Edge localized modes (ELMs)[END_REF][START_REF] Viezzer | Access and sustainment of naturally ELM-free andsmall-ELM regimes[END_REF], caused by the steep gradients at the plasma edge, are one of the main concerns for ITER [START_REF] Loarte | Characteristics of type I ELM energy and particle losses in existing devices and their extrapolation to ITER[END_REF][START_REF] Tani | Effects of ELM mitigation coils onenergetic particle confinement in ITER steady-state operation[END_REF][START_REF] Doyle | Chapter 2: Plasma confinement and transport[END_REF] and the associated power fluxes need to be controlled since they can lead to a significant reduction of plasma component lifetime and to the contamination of the plasma by the impurities produced during ELMs. Among different techniques to mitigate ELMs, the application of resonant magnetic perturbations (RMPs) has successfully mitigated or even suppressed ELM instabilities and has been adopted as the main base line technique for ITER [START_REF] Evans | Suppression of Large Edge-Localized Modes in High-Confinement DIII-D Plasmas with a Stochastic Magnetic Boundary[END_REF][START_REF] Hender | Effect of resonant magnetic perturbations on COMPASS-C tokamak discharges[END_REF][START_REF] Liang | Active control of type-I edge-localized modes with n=1 perturbation fields in the JET tokamak[END_REF][START_REF] Suttrop | First Observation of Edge Localized Modes Mitigation with Resonant and Nonresonant Magnetic Perturbations in ASDEX Upgrade[END_REF][START_REF] Loarte | Chaos cuts ELMs down to size[END_REF][START_REF] Loarte | Progress on the application of ELM control schemes to ITER scenarios from the non-active phase to DT operation[END_REF]. However, the symmetry-breaking fields applied for ELM control can lead to a degradation of plasma energy and particle confinement, particularly of fast-ions [START_REF] Spong | 3D toroidal physics: Testing the boundaries of symmetry breaking[END_REF][START_REF] Shaing | Symmetry-Breaking Induced Transport in the Vicinity of a Magnetic Island[END_REF][START_REF] Shaing | Transport theory for energetic alpha particles and tolerable magnitude of error fields in tokamaks with broken symmetry[END_REF][START_REF] Suttrop | Experimental studies of high-confinement mode plasma response to nonaxisymmetric magnetic perturbations in ASDEX Upgrade[END_REF]. This is a concern for ITER since an excessive loss of fast particles reduces the effective Neutral Beam Injection (NBI) power available to heat the plasma and can lead to localized power fluxes [START_REF] Akers | High fidelity simulations of fast ion power flux driven by 3D field perturbations on ITER[END_REF].

In most present tokamaks, RMPs are generated by two or three toroidal rows of windowframe coils where the current flowing through the coils is modulated toroidally with a given symmetry and the relative toroidal phase between the waveforms can be adjusted to vary its effect on the plasma. The relative toroidal phase between toroidal rows is thus used to modify the poloidal mode spectrum of the perturbation, which has been observed to affect the plasma stability in several experiments such as MAST [START_REF] Kirk | Resonant magnetic perturbation experiments on MAST using external and internal coils for ELM control[END_REF], AS-DEX Upgrade [START_REF] Willensdorfer | Field-Line Localized Destabilization of Ballooning Modes in Three-Dimensional Tokamaks[END_REF] and DIII-D [START_REF] Paz-Soldan | Observation of a multimode plasma response and its relationship to density pumpout and edge-localized mode suppression[END_REF][START_REF] Nazikian | Pedestal Bifurcation and Resonant Field Penetration at the Threshold of Edge-Localized Mode Suppression in the DIII-D Tokamak[END_REF]. In the presence of these RMP fields, energetic particles are especially sensitive to this complex 3D magnetic field structure due to their relatively long mean free path and slowing down times [START_REF] Garcia-Munoz | Fast-ion losses induced by ELMs and externally applied magnetic perturbations in the ASDEX Upgrade tokamak[END_REF][START_REF] Kurki-Suonio | Protecting ITER walls: fast ion power loads in 3D magnetic field[END_REF][START_REF] Shinohara | Effects of rippled fields due to ferritic inserts and ELM mitigation coils on energetic ion losses in a 15 MA inductive scenario in ITER[END_REF][START_REF] Van Zeeland | Fast ion transport during applied 3D magnetic perturbations on DIII-D[END_REF][START_REF] Varje | Effect of plasma response on the fast ion losses due to ELM control coils in ITER[END_REF]. However, as mentioned above, a good confinement of the energetic ions is crucial to ensure efficient heating of burning fusion plasmas since fast particles are the main source of plasma heating (NBI, alpha heating and ICRH heating) and of momentum (NBIs) into the plasma. ITER is designed on the basis of the H-mode scenario at 15 MA/5.3 T to achieve its Q = 10 goal and thus it is equipped with a set of in-vessel coils to achieve RMP fields for ELM control [START_REF] Loarte | Chaos cuts ELMs down to size[END_REF][START_REF] Loarte | Progress on the application of ELM control schemes to ITER scenarios from the non-active phase to DT operation[END_REF] and thus it is essential to analyze in detail the impact of RMP perturbations on the energetic particle population and to miminize it as far as possible.

Previous work has shown that linear and nonlinear resonant interactions between fastions and the RMP fields in the region near the separatrix lead to an edge resonant transport layer (ERTL) that is responsible for the observed fast-ion transport in AS-DEX Upgrade [START_REF] Sanchis | Characterisation of the fast-ion edge resonant transport layer induced by 3D perturbative fields in the ASDEX Upgrade tokamak through full orbit simulations[END_REF]. To characterize the RMP-induced transport, the variation of the particle toroidal canonical momentum (P φ ) caused by the broken magnetic symmetry was used as a figure of merit. The model used to calculate the particle transport was then compared and validated using the fast-ion loss measurements of the Fast-Ion Loss Detector (FILD) [START_REF] Garcia-Munoz | Scintillator based detector for fast-ion losses induced by magnetohydrodynamic instabilities in the ASDEX upgrade tokamak[END_REF]. In this work, the methods used to understand the fast-ion losses induced by RMPs in ASDEX Upgrade are applied to analyze ITER plasmas. By applying these models, several RMP configurations are studied in order to optimize the operational point that should ensure ELM suppression in ITER while maintaining fastion NBI losses acceptable. The RMP optimization was carried out considering two main parameters, the poloidal mode spectra of the RMP perturbed fields and the absolute toroidal phase of the perturbation. While the RMP poloidal spectra can affect both the ELM control capabilities and the fast-ion confinement, the absolute toroidal phase modifies the fast-ion behaviour without altering the ELM control performance of the configuration.

This paper is organized as follows: Section 2 presents the magnetic field structure for several RMP configurations with different poloidal mode spectra, through relative toroidal phase adjustments and thus effect on the plasma. In section 3, the impact of the poloidal mode spectra of the RMP perturbation and of its absolute toroidal phase on fast-ion NBI losses is evaluated using the variation of the toroidal canonical momentum as quantifying variable. In section 4, the wave-particle resonant interaction is presented as the transport mechanism responsible for the particle losses observed. Finally, section 5 summarizes this work.

Perturbed magnetic fields calculated with the MARS-F code

In this work, the 3D plasma equilibria were generated by the combination of the axisymmetric field of ITER, and the 3D perturbation induced by the RMP coils for a range of current waveforms including the response of the plasma as evaluated with the MARS-F code.

In ITER, the RMPs are generated by 3 toroidal rows of 9 in-vessel ELM coils, which are individually powered (Figures 2 a) andb)). This allows changes to the absolute toroidal phase of the perturbation applied as well the relative toroidal phase of the current waveforms between the upper and equatorial and lower and equatorial rows 
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Lower coils of coils (Figure 2 c)). For the analysis in this paper, we consider current waveforms with n = 3 symmetry and a maximum current level of 90 kAt in the coils, which is its maximum design value [START_REF] Loarte | Progress on the application of ELM control schemes to ITER scenarios from the non-active phase to DT operation[END_REF]. The poloidal mode spectra of the perturbation applied is determined by the phase shift between the upper and middle row (∆ϕ U M ) and the lower and middle row (∆ϕ LM ), while the toroidal spectrum is determined by that of the toroidal current waveform. The plasma response to the external perturbation has been generated using the MARS-F code [START_REF] Liu | Feedback stabilization of nonaxisymmetric resistive wall modes in tokamaks. I. Electromagnetic model[END_REF], which calculates the linear response to the RMP fields considering a single fluid model and full 3D toroidal geometry. The H-mode plasma scenario considered here corresponds to that of the Q = 10 baseline scenario to be demonstrated during the Fusion Power Operation (FPO) phase of the ITER Research Plan [START_REF]ITER Research Plan within the Staged Approach[END_REF]. andc) show the radial profiles of the predicted electron density and electron and ion temperature.
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To vary the poloidal mode spectra of the perturbation, different relative toroidal phases have been considered. The set of RMP configurations analyzed are characterized in figure 3 by the relative phase shifts between the three current waveforms and the associated plasma surface displacement at the X-point, which is a robust parameter correlated with the achievement of ELM mitigation/control by RMP fields [START_REF] Li | Modeling 3D plasma boundary corrugation and tailoring toroidal torque profiles with resonant magnetic perturbation fields in ITER[END_REF]. Case 1 corresponds to the case with maximum X-point displacement while case 2 corresponds to the minimum one for which no effect on ELM behaviour is expected from RMPs in ITER (e.g. a non-resonant case). Case 3-6 are cases for which the X-point displacement is the same but have different poloidal spectra. The poloidal and toroidal Poincaré maps of the magnetic field lines associated to cases 1 and 2 are shown in figures 4-5 in vacuum and including plasma response. Note that, in the poloidal map, the apparent lower density of magnetic field lines at θ = 0 is a consequence of this direction being aligned with the shortest distance between the magnetic axis and the separatrix. These two configurations show the two extreme cases in terms of RMP perturbation impact on the X-point displacement. In case 1, the resulting vacuum magnetic field shows a strongly chaotic region at the plasma edge. The toroidal Poincaré map in figure 4 a) shows n = 3 symmetry modulated by the toroidal symmetry of the perturbation. In this case, the inclusion of plasma response decreases the effect of the perturbation reducing the width of the magnetic islands in both the poloidal and toroidal dimensions. The analysis of these Poincaré maps shows the chaotic regions in the magnetic field generated by the RMP perturbations and how this chaotic areas are modified by the plasma response. However, the chaotic behaviour of fast-ions in the proximity of the RMP coils is different from the magnetic field lines and so are the thresholds between the regular and chaotic regions.

Figure 5 shows similar Poincaré maps for case 2 (the non-resonant case) presenting a configuration with a considerable smaller chaotic region at the edge and magnetic island structures that extend to ρ pol = 0.65. The effect of the plasma response in this case leads to the suppression of the island structures and strongly reduces the chaotic behaviour at the edge. In figure 6, the component of the magnetic perturbation perpendicular to the separatrix including the plasma response is presented for cases 1-3, with 3 being a case with large X-point displacement but smaller than case 1. This figure shows that the resulting perturbed field generated using the same coil current intensity depends strongly on the relative toroidal phases of the three current waveforms in ITER. The current waveform configuration of case 1 leads to a strong perturbed field at the separatrix and has maximum X-point respond and thus effectiveness for ELM control, while case 2 has a much more reduced perturbation (reduced by a factor of 3), but also a small X-point displacement and thus no ELM control effect. The configuration associated to case 3 presents an intermediate state where ELM control should be expected.
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Fast-ion loss optimization in the presence of RMPs to provide ELM control

The optimal RMP configuration to reduce ion losses while ensuring ELM control is analyzed in terms of the variation of the toroidal canonical momentum (P φ ) of the fastions generated by the ITER neutral beam injectors. Figure 7 shows the surface density of energetic particles from NBI injector#1 in the poloidal and toroidal cross sections calculated with the ASCOT module BBNBI [START_REF] Asunta | Modelling neutral beams in fusion devices: Beamlet-based model for fast particle simulations[END_REF] from the kinetic profiles shown in figure 1. The NBI system in ITER consists of up to 3 injectors (2 NBI injectors are part of the baseline with a possibility of a third one as an upgrade) located at consecutive equatorial ports, each one can be injected with on and off-axis injection geometries [START_REF] Hemsworth | Overview of the design of the ITER heating neutral beam injectors[END_REF]. The NBI#1 on-axis beam has the maximum ionization at z = 0.40, φ = 58 with pitch λ = 0.58.
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Fast-ion transport analysis

The fast-ion transport was evaluated through the variation of P φ induced by the symmetry-breaking RMP fields. In order to calculate δP φ , 40000 markers are followed in full orbit motion using the ASCOT code [START_REF] Hirvijoki | ASCOT: Solving the kinetic equation of minority particle species in tokamak plasmas[END_REF]. The markers are distributed in a 200×200 homogeneous grid varying the initial radial and toroidal location, which ensures a sufficient resolution in the initial coordinates to observe the δP φ structures according to a convergence study. The parameters of this distribution are set to the ones fixed by the injection geometry of the NBI#1 on-axis. In this case, deuterium particles are started at z = 0.40 m, with energy E = 1 M eV and pitch angle λ = 0.63, which lead to a maximum of trapped ions at R = 8.15 m with the trapped/passing boundary located at R = 7.9 m.
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The calculation of the variation of P φ (i) is done by averaging the evolution of P φ (i) along the ion trajectory for approximately 10 poloidal turns or until the ion hits the wall using the expression:

δP φ = N i=1 P φ (i) -P φ (0) N (1) 
Here, P φ (i) is the value of P φ at each time point considered to evaluate δP φ and N is the total number time points along the trajectory. P φ is a constant of motion in 2D fields, but varies when a 3D perturbation is applied. This variation can be related to a radial transport of the particle where the direction of the drift depends on the sign of δP φ . By considering the sign of the particle toroidal velocity v φ and poloidal flux ψ positive in the direction of the plasma current (as shown in figure 7 b)), a positive variation of δP φ leads to an inwards transport while a negative variation implies an outwards transport. Most of the fast NBI ions that are lost come from the edge as shown in figure 8. In this region, the typical ion trajectory in the presence of RMPs is lost within 4-8 poloidal turns. This ensures that the following time used to calculate δP φ , which covers approximately 10 poloidal turns, represents a good approximation to the variation of P φ caused by the RMP fields.

Using this variation, the global toroidal phase of the perturbation was scanned (note that maximum deposition of the NBI injector# 1 is located at a toroidal angle of 58 degrees) and the maximum radial transport evaluated for all 6 cases. In figures 8 a)-c), δP φ is presented as a function of the particle initial radial position and starting toroidal angle at fixed initial z = 0.40 m, E = 1 M eV and λ = 0.63 for three representative cases. Case 1 associated to the largest X-point displacement also leads to the maximum variation of δP φ . For case 2, with minimum X-point displacement, there is a smaller variation of δP φ . Case 3 has a sizeable X-point displacement but smaller than case 1 and presents an intermediate variation of δP φ between cases 1 and 2. The transport is localized at the edge near the separatrix and the n = 3 symmetry pattern is given by the toroidal current waveform of the applied perturbation. The dashed vertical white line indicates the location of the NBI#1 injection and the two solid lines show the toroidal phase corresponding to the maximum inwards/outwards transport. By changing the absolute toroidal phase of the RMP perturbation applied to align the maximum variation of δP φ with the NBI#1 injection, fast-ion losses can be analyzed for the two extreme situations leading to a radial transport in opposite directions. The absolute toroidal phase of the perturbation can be modified by performing a solid rotation of the three current waveforms flowing through the three sets of coils in the toroidal direction.
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x 100 -c) correspond to the toroidal phase where outward transport is maximized ( δP φ < 0) and d)-e) correspond to the toroidal phase where inward transport is maximized ( δP φ > 0). Note that for case 2, the signal has been multiplied by 100 as the values of the heat loads are very small.

Using a realistic NBI#1 initial distribution consisting of 30000 markers, the fastion losses have been calculated for each toroidal phase. Each marker was followed in full orbit motion using a modified leap-frog integration method that ensures the energy conservation in the absence of collisions and radial electric field [START_REF] Snicker | Realistic Simulations of Fast-Ion Wall Distribution Including Effects Due to Finite Larmor Radius[END_REF], which were not considered in these simulations. The markers were followed for 20 ms with a time step ∆t step = 2 • 10 -9 s. Figures 8 d)-i) show the radial histogram of the initial beam deposition (blue) and the initial distribution of the lost ions (red) for the absolute toroidal phase leading to a maximum outwards and inwards particle transport. All the different current waveform configurations were simulated for the same particle initial -c) correspond to the toroidal phase where outward transport is maximized ( δP φ < 0) and d)-e) correspond to the toroidal phase where inward transport is maximized ( δP φ > 0). distribution (blue) so that the only effect on the fast-ion losses is the RMP field. The maximum fast-ion losses occur for the absolute toroidal phase of the perturbation which aligns the NBI injection with the region where δP φ < 0, while minimum losses correspond to the δP φ > 0 area. These radial histograms also show that the lost ions are born at the edge region in all cases, where the variation of δP φ is most intense. Case 2 leads to a clear minimum of fast-ion losses for both toroidal phases as was expected from the small variation of δP φ consistent with the small X-point displacement.

The heat load distributions of the lost fast-ions on a 3D mesh including the main elements of the wall are shown in figures 9 and 10. From these results it can be observed that the different cases not only modulate the total fast-ion losses, but also change the distribution of the loads between main wall and divertor.

The fraction of fast-ion losses integrated over the whole 3D wall is presented in table 1 for NBI#1 on axis for the 6 cases. The second column presents the particle losses considering the absolute toroidal phase of the RMP perturbation that maximizes the outward transport ( δP φ < 0). In the third column, the fast-ion losses are calculated using the toroidal phase that maximizes the inward transport and the forth column shows the relative ion loss decrease achieved. This comparison shows that the difference in the fast-ion losses depends on the absolute toroidal phase of the perturbation and can vary significantly up to almost factor of 2. This is a key input for the optimization of the RMP current waveform for ELM control, since the absolute phase does not have any impact on ELM control and thus it is an important parameter for optimization. Table 1: Fraction of fast-ion losses for cases 1-6 for the two absolute toroidal phases of the RMP perturbation that maximizes and minimizes the fast-ion outward transport and the ion loss relative decrease.

Another observation is that RMP configurations with the same capabilities for ELM control, such as cases 3-6 which have the same X-point displacement (Figure 3 b)), can have very different fast-ion losses. In some cases, these differences in the fast-ion losses can go up to almost a factor of 3, depending on the absolute RMP toroidal phase and its poloidal spectrum. Figure 11 a) shows the fraction of fast-ion losses separating between the particles hitting the midplane region and the divertor for each configuration. By comparing cases 5 and 6, which have a similar fraction of particle losses for the deoptimized absolute toroidal phase, it is clear that the poloidal mode spectra of the RMP can modify significantly the distribution of the heat loads on the main wall and divertor without changing the total losses. This is again key input for the optimization of the RMP current waveform for ELM control, since the power handling capability of divertor (tungsten) and main wall plasma facing components is very different (beryllium) in ITER; this capability also depends on the exact location of the lost fast-ion impact within the divertor and first wall since not all divertor components (targets, baffles and dome) and first wall components have the same power handing capability. The same analysis was made for the NBI#1 off-axis injection. Using the same absolute toroidal phases for the RMPs as for the on-axis beam, the fast-ion losses were calculated for the 6 cases. Figure 11 b) summarizes the fraction of total fast-ion losses for the two possible beam injections at each current waveform configuration. Although there are slight differences between on and off-axis, both injections show the same trend with the RMP configuration.

Identification of resonances responsible for fast-ion transport

In section 3 it was shown that the fast-ion losses are caused by RMP induced transport at the plasma edge. To further analyze this, the variation of P φ was calculated as a function of the energy and the particle major radius at z = 0.40 m and pitch angle λ = 0.63, where the upper limit of the energy range corresponds to the NBI injection energy. Figures 1213show this variation for the 6 cases considering the initial toroidal angle of the NBI aligned with a negative variation of P φ (a)-c)) and with a positive Figure 11: a) Distribution of the fast-ion losses between mid plane and divertor for the on-axis case with the toroidal phase leading to the maximum negative variation of δP φ . b) Fraction of lost fast-ions as a function of the perturbation poloidal mode spectra including the on and off-axis beam injections for the toroidal phase leading to the maximum variation of δP φ .

variation of P φ (d)-f)) with respect to the initial value P φ (t = 0).

Figures 12 a) andd) show that case 1 leading to a maximum in the fast-ion losses corresponds to the most intense δP φ with respect to the other cases, while figures 12 b) and e), corresponding to case 2, show almost no transport for all the analyzed energy range. The δP φ structures in these plots have a small dependency with the energy and its patterns can be explained by calculating the particle bounce (ω b ) and precession (ω d ) frequencies. In figure 12 a) the frequency ratio (ω b /ω d ) is indicated with white contours matching the δP φ structures. This matching indicates that the variation of P φ and consequent radial transport is caused by a resonant interaction between the fast-ions and the perturbed magnetic field. Several observations can be made from this figure. First, there are two different regions that can be distinguished by the behaviour of the ω b /ω d structures. The region at R < 7.9 m presenting vertical resonances corresponds to passing orbits, while R > 7.9 m is populated by trapped particles. Also, the overlapping of particle frequencies at the edge leads to a maximum variation of P φ , causing the radial transport to be localized near the separatrix. Most transport occurs for trapped ions at the edge, but there are resonances for passing orbits as well at R = 7.6 -7.9 m. However, the effect of these resonances is not relevant as the δP φ intensity is lower since the intensity of the field created by the RMPs at this location decreases as the distance to the ELM control coils increases. Moreover, the ionization profiles of the NBI peak at the plasma edge, so the ion population affected by these interactions is smaller. From the comparison of figure 12 a) and 12 d), both made for case 1, it is clear that the initial relative toroidal phase has a strong impact on the ion transport. The intensity and the sign of δP φ as well as the radial location of the resonances involved in the transport are modified.

The dependence of the resonant transport with the particle initial pitch angle is shown in figure 14 for cases 1-3. In figure 14 a), the white contours indicate the particle resonances, matching the structure of δP φ . At the trapped/passing boundary, the overlapping of resonances increase the particle transport at the plasma edge (R > 8.0 m). The δP φ patterns show that the resonant transport depends strongly on the particle pitch angle for trapped particles (λ < 0.66 at R = 8.2 m) while passing particles (λ > 0.66 at R = 8.2 m) are nearly independent. Figure 14 b) shows the pitch distribution of the NBI#1 on-axis deposition with respect to the trapped/passing boundary and the δP φ structures including the beam FWHM. In figure 14 c), the NBI#1 birth distribution is indicated for the on and off-axis geometries.

The information of the NBI pitch distribution with respect to the perturbation can be used to determine the optimal NBI geometry for a given RMP coil configuration to reduce the particle transport at the plasma edge.

To identify the resonances responsible for the fast-ion losses the particle resonances can be expressed as [START_REF] Zonca | Nonlinear dynamics of phase space zonal structures and energetic particle physics in fusion plasmas[END_REF][START_REF] Chen | Self-consistent kinetic theory with nonlinear wave-particle resonances[END_REF][START_REF] Sanchis | Characterisation of the fast-ion edge resonant transport layer induced by 3D perturbative fields in the ASDEX Upgrade tokamak through full orbit simulations[END_REF]:

ω b ωd = n(l + 1) p(l + 1) + p ( 2 
)
where n is the toroidal mode number, l is the nonlinear harmonic, p is the primary bounce harmonic, and p is the nonlinear bounce harmonic.

The strongest variation of P φ is located in the trapped region and is aligned with ω b /ω d = 3, which corresponds to the linear resonance associated to n = 3, given by the perturbation geometry and p = 1. This resonance is observed in all cases shown in figures 12 and 13 for the δP φ < 0 configuration, excluding case 2. The other resonant structures can be explained by an overlapping of nonlinear resonances in the range ω b /ω d = 4 -7, which shows a good agreement with the δP φ patterns (figure 12 a)).

Summary and Conclusions

Using the variation of the toroidal canonical momentum, the fast-ion transport in the presence of RMP fields was analyzed for the ITER Q = 10 H-mode baseline scenario with 3-D fields applied for ELM control by the in-vessel ELM control coils. This approach has been previously applied and validated in ASDEX Upgrade against experimental data, revealing the existence of an ERTL responsible for the radial particle transport. In this work, the same method was used to identify the fast-ion transport and to optimize the absolute toroidal phase of the RMP perturbation as well as its poloidal mode spectra for ITER. The analysis of the ion transport in terms of δP φ > 0 for ITER showed an ERTL similar to the one previously observed in AUG. The results presented here indicate that, in this edge layer, a resonant interaction between the energetic particles and the perturbed magnetic fields may lead to the fast-ion transport observed in these ASCOT full orbit simulations. The ERTL is located within 10 cm around the separatrix and has a strong dependency on the RMP perturbation applied. First, the absolute toroidal phase of the applied RMP perturbation has been studied. This was done by aligning the absolute phase of the perturbation with the toroidal angle at which the ITER NBI injectors are located so as to provide a maximum variation of P φ . The alignment with the negative variation of P φ corresponded to the maximum of the outward transport while the positive variation of P φ maximized the inward transport. By comparing the total fast-ion losses in each case, it has been found that the optimization of the toroidal angle can decrease the ion losses down to less than 8% for the largest Xpoint displacement configuration studied, which corresponds to more than 50% decrease compared to the de-optimized phase. The analysis to make this first optimization is fast in terms of CPU-time and the results can be directly applied by changing the absolute toroidal angle of the RMP perturbation since the NBI location is fixed. This optimization has no impact on the capabilities of the RMP perturbation applied to provide ELM control. In the second step of this analysis, the poloidal mode spectra was optimized using the variation of P φ to scan different configurations that have the same potential for ELM control, i.e. the same X-point displacement. The analysis showed that fast-ion losses are not necessarily correlated with X-point displacement and the associated losses for cases 3-6 showed a relative variation of up to ±40%, once the absolute RMP phase is optimized to minimize losses, potentially down to 4.2% for case 5, which is a very low value for the ELM suppressed H-modes required in ITER. Finally, by comparing δP φ with the particle resonances (ω b /ω d ), it was shown that the observed particle transport in our simulations could be explained by an overlapping of multiple linear and nonlinear resonances close to the separatrix. Both linear and nonlinear resonances are involved in the ERTL, however, the linear resonance ω b /ω d = 3 (n = 3, p = 1, l = 0) is dominant. This suggests that the toroidal symmetry of the RMP perturbation also entails a significant impact on the intensity and location of the fast-ion transport and thus other RMP configurations that are planned to be used in ITER for ELM control (n = 4 and, potentially, n = 2) should also be analyzed as well as other plasma scenarios. From the results in our studies, the effects on alpha particles are expected to be much smaller given that their source is in the plasma central area. The procedure developed here to select the optimal RMP configuration can be applied to any plasma equilibrium and profiles and particle species to define the best ELM control scheme to target ELM suppression while avoiding the degradation of the fastion confinement. Our study also highlights the need to include appropriate diagnostics for fast particle losses in ITER since they are likely to be required for the optimization of the operational scenarios and RMP characteristics to ensure ELM suppression, good fast-ion confinement and acceptable fast-ion power fluxes to the main wall and divertor in ITER.
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 1 Figure 1: ITER DT baseline scenario: a) Safety factor, b) electron density and c) electron (blue) and ion (red) temperature profiles as a function of the normalized poloidal flux coordinate ρ pol .

Figure 2 :

 2 Figure 2: a) Schematic representation of the ITER RMP coils set-up. b) Radial component of the perturbed magnetic field generated by positive (yellow) and negative (blue) 1 A currents flowing through the RMP coils as a function of the radial and z coordinates. c) Phase shifts between the current waveforms flowing through the upper, mid and lower set of coils.

Figure 1 a

 1 ) shows the safety factor profile corresponding to the H-mode scenario with I p = 15 M A, B φ = 5.3 T and Q = 10. Figures 1 b)
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Figure 3 :

 3 Figure 3: a) Differential phase shift of the upper and lower set of coils with respect to the the coils in the middle row. b) The MARS-F computed plasma surface displacement near the X-point [31]. The relative toroidal phase shifts correspond to the ones shown in a).

Figure 4 :

 4 Figure 4: Toroidal and poloidal Poincaré maps of the magnetic field lines for case 1 in vacuum approach (a) and b)) and including plasma response (c) and d)).

Figure 5 :

 5 Figure 5: Toroidal and poloidal Poincaré maps of the magnetic field lines for case 2 in vacuum approach (a) and b)) and including plasma response (c) and d)).

Figure 6 :

 6 Figure 6: Perpendicular component of the RMP perturbed magnetic field at the separatrix including the plasma response.

Figure 7 :

 7 Figure 7: 2D histogram showing the surface density of the initial NBI#1 on and off-axis distribution projected onto the poloidal a) and toroidal b) cross sections. Green lines indicate the locations of the mid RMP coils.

Figure 8 :

 8 Figure 8: a)-c) δP φ as a function of the particle toroidal angle and major radius for cases 1-3. d)-i) Radial histogram of the initial radial distribution of the beam NBI#1 on axis (blue) and lost fast-ions (red) for the initial toroidal angle leading to a minimum (d)-f )) and maximum (g)-i)) fast-ion losses.

Figure 9 :

 9 Figure 9: Wall heat loads for cases 1-3 due to the fast-ion losses corresponding to NBI#1 on-axis. Figures a)-c) correspond to the toroidal phase where outward transport is maximized ( δP φ < 0) and d)-e) correspond to the toroidal phase where inward transport is maximized ( δP φ > 0). Note that for case 2, the signal has been multiplied by 100 as the values of the heat loads are very small.

Figure 10 :

 10 Figure 10: Wall heat loads for cases 4-6 due to the fast-ion losses corresponding to NBI#1 on axis. Figures a)-c) correspond to the toroidal phase where outward transport is maximized ( δP φ < 0) and d)-e) correspond to the toroidal phase where inward transport is maximized ( δP φ > 0).

Figure 12 :

 12 Figure 12: δP φ as a function of the particle major radius and energy for cases 1-3 at z = 0.40 m and pitch angle λ = 0.63. a)-c) corresponds to the initial toroidal phase leading to maximum outward transport ( δP φ > 0) and d)-e) to the maximum inward transport ( δP φ < 0).

Figure 13 :

 13 Figure 13: δP φ as a function of the particle major radius and energy for cases 4-6 at z = 0.40 m and pitch angle λ = 0.63. a)-c) corresponds to the initial toroidal phase leading to maximum outward transport ( δP φ > 0) and d)-e) to the maximum inward transport ( δP φ < 0).

3 SeparatrixFigure 14 :

 314 Figure 14: δP φ as a function of the particle major radius and pitch angle for cases 1-3 at z = 0.40 m, toroidal angle φ = 58 • and energy E = 1 M eV . White contours in a) indicate the constant ratio of ω b /ω d and the white solid line in b) and c) shows the position of the boundary between passing and trapped orbits. The NBI#1 on-axis birth distribution is indicated with a solid green line and and the FWHM with a dashed green line. The solid black line in c) indicates the NBI#1 off-axis birth distribution.
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