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Disruption-generated runaway electron (RE) beams represent a potentially severe threat for tokamak plasma-facing components. Application of properly designed 3D fields can act as a mitigation mechanism, as recently investigated in ASDEX Upgrade (AUG) and COMPASS experiments and in the tokamak discharges of RFX-mod. In all of these devices, the dynamics of the disruption are affected by the application of magnetic perturbations (MPs), and the resulting RE beam current and lifetime are significantly reduced. These experiments show, in particular, that the strength of the observed effects strongly depends on the poloidal spectrum of the applied MPs, which has been reconstructed including the plasma response. This paper reports the main findings on RE mitigation from the previously mentioned three devices, highlighting the common physics behind them and their interpretation by using the guiding center code ORBIT.
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1 INTRODUCTION
Suprathermal electrons moving in a plasma experience a friction force decreasing with their velocity, and, when a sufficiently strong electric field appears, a certain fraction of them may undergo a runaway process, i.e., they can be continuously accelerated up to very high energies (∼ several MeV) [1, 2]. The physics of high-energy electrons and of their interaction with magnetic fields has been investigated in a large variety of phenomena, ranging from the Earth’s atmosphere [3, 4] and magnetosphere [5] to the solar corona—where fast particle beams are generated during magnetic reconnection events [6]—and more generally in astrophysics [7–9]. Runaway electrons (REs) are also known to occur in laboratory plasmas and represent one of the outstanding problems for fusion devices in the tokamak configuration [10] and, in particular, for future operations in the international thermonuclear experimental reactor (ITER) [11], currently under construction in the south of France. Indeed, runaway electrons are generated during disruptions [12–14] [15,16], events that involve fast deposition of the stored thermal energy on plasma-facing components. The sudden cooling of the plasma and the subsequent increase in its resistivity lead to fast growth of the toroidal electric field, which, above a critical threshold Ec (≈0.08ne,20, with ne,20 the electron density in 1020m−3 and Ec in V/m), generates primary runaway electrons [17, 18]. Such a seed of fast electrons, in turn, may produce more runaways by forward momentum transfer to thermal electrons and so forth in a cascade process (secondary RE generation or the avalanche mechanism). In high plasma current ([image: image] MA) and larger devices like the ITER, secondary RE generation is expected to be dominant and produce several orders of magnitude more runaways than in current experiments [19–22]; hence, an adequate protection plan for the ITER should be extrapolated and validated in existing tokamaks. The occurrence of such energetic particle beams represents a severe risk since they can strike and seriously damage the surrounding structures through their highly localized energy deposition. The prevention and mitigation of their harmful effects is thus of paramount importance for safe operations and to ensure a long life to a commercial reactor.
At present, in order to prevent or limit such an RE generation, the main solution is to trigger large MHD instabilities, leading to fast and safe dissipation of RE beams by reducing the companion plasma collision rate. Several techniques directed to this end are extensively investigated in the tokamak community, for instance, massive gas injection (MGI) [23–27] and shattered pellet injection [28, 29]. Furthermore, the interaction of non-axisymmetric magnetic fields—spontaneously generated by the plasma or applied by external coils—with the fast-particle population might represent a possible tool for RE mitigation [30, 31], as tested in existing devices [32–36] and examined with numerical simulations dedicated to ITER scenarios [37–39]. In these experiments, resonant magnetic perturbations (RMPs) [40] could decrease the post-disruption RE current with efficiency, depending on the amplitude of the RMPs; these findings have been mainly interpreted in terms of RE deconfinement due to ergodization. Nevertheless, a systematic suppression of runaway electrons has not yet been achieved [36], and also, the results obtained from RMPs with different toroidal/poloidal wave numbers [35] require further investigation. For instance, in DIII-D, an RMP with toroidal wave number n = 3 partially reduced the post-disruption runaway current, while no effect was observed using n = 1. In contrast, similar experiments in JET showed no RE mitigation at all [41]. Furthermore, innovative solutions based on the implementation of a 3D coil passively driven by the current quench (CQ) loop voltage to deconfine the electrons are investigated, as described for SPARC and DIII-D devices in [42, 43].
A more recent and innovative contribution to these studies comes from the experiments performed in the medium-size tokamak ASDEX Upgrade [44, 45], in COMPASS [46] and in RFX-mod [47] (a reversed field pinch machine that can be also run as a tokamak, the configuration here considered). In these devices, RMPs applied by external coils have significantly reduced the current and lifetime of the resulting RE beams. In particular, in ASDEX Upgrade and COMPASS, such a phenomenology is explained by evaluating the total radial magnetic field by taking into account the plasma response [48] to the RMPs, i.e., the capability of a plasma, close to marginal stability, to amplify magnetic perturbations and, hence, to experience significant helical deformations. Indeed, a vacuum approximation fails in the interpretation of the experimental data. On the other hand, the set of 192 active saddle coils in RFX-mod has been used to apply perturbations with a scan in amplitude and rotation frequency, which impact the RE population dynamic both in stationary phases of low-density plasmas and during disruption events.
The data collected during these experiments have been interpreted by a numerical test particle approach. To this end, the relativistic version of the Hamiltonian guiding center code ORBIT has been used, with the implementation of the magnetic perturbation spectrum modeled by the code MARS-F in the case of AUG and COMPASS. Furthermore, the mechanisms generating REs in RFX-mod—and the effect of MP on their confinement—are interpreted by numerical simulations with ORBIT, in particular investigating the impact of different magnetic equilibria and MHD mode amplitude on the amount of RE losses.
The paper is composed of three sections, each dedicated to RE mitigation experiments in a single device. Section 2 reports a summary of the main findings obtained in AUG on the effect of 3D perturbations on the post-disruption RE beams and the relative interpretation in terms of modeling with MARS and ORBIT. A similar analysis holds for COMPASS in Section 3, while Section 4 presents RE experiments in the low-density plasmas of RFX-mod and the associated studies with ORBIT. The conclusions are finally drawn in Section 5.
2 RE MITIGATION BY MPS IN AUG: THE ROLE OF PLASMA RESPONSE
2.1 Experimental setup and main results
The ASDEX Upgrade scenario for the RE mitigation experiments discussed here is based on discharges with the toroidal magnetic field BT = −2.5 T, plasma current of Ip = 800 kA, and central electron density in the range 2.5–3.5 ⋅ 1019 m−3 [27, 49, 50] (quantities evaluated just before the disruption, at t = 0.98s). The plasma is circular-shaped (Figure 1E), limited by the inner wall; a power of 2.5 MW of electron cyclotron resonance heating (ECRH) is applied for 100 ms from t = 0.9 s to heat the plasma and introduce a fast-particle seed just before the disruption, which is triggered by the injection of argon. In Figure 1, the black lines indicate the main waveforms of the standard discharge evolution when no mitigation methods are used; the plasma current Ip is ramped till t = 1 s, when the disruption is induced. Then, part of Ip is converted into runaway beam current (IRE) with an initial value of [image: image] kA, at t ∼ 1.01 s, decreasing to 0 in approximately 0.35 s. The central electron temperature measured by the electron cyclotron emission diagnostic increases from 1 to [image: image] keV during ECRH heating and collapses at 1 s in less than 1 ms (thermal quench phase, as shown in Figure 1B). The safety factor (q = aBT/BPR0, with BT, BP as the toroidal and poloidal fields, respectively, and a, R0 as the minor and major radii of the plasma, respectively) near the plasma boundary (q95, i.e., q at 95% of the minor radius a) decreases from 8 to a value close to 4 just before the disruption, as shown in Figure 1C. Finally, hard X-ray (HXR) measurements from a scintillator diagnostic [50, 51] are reported in Figure 1D; they are greater than 0 only in the post-disruption phase with a temporal evolution similar to the IRE in Figure 1A.
[image: Figure 1]FIGURE 1 | Evolution of (A) plasma current, (B) core electron temperature, (C) safety factor at the edge, and (D) HXR emission for two different shots: in black for a standard one (no mitigation methods used) and in red for a discharge where RMPs by the B-coils are applied from t = 0.5 s (vertical dashed line). The dashed vertical black line at 1 s corresponds to the time of disruption. (E) equilibrium reconstruction for the last closed surface of shot 33113 at 0.98 s.
Self-consistent simulations of ASDEX Upgrade RE dynamics using the Hesslow model [52, 53] have shown a good agreement between the experimentally measured runaway current and modeling, in contrast to the classical avalanche model, using which the final runaway current was overestimated by [image: image] [53].
ASDEX Upgrade is equipped with a set of 16 non-axisymmetric in-vessel coils [54] in the form of two toroidal rows of eight coils (termed B-coils) above and below the tokamak mid-plane on the outer side of the torus (low field side). They were powered by four independent power supplies that produce a radial field of 3 mT at the plasma boundary in front of an upper coil (br/BT ∼ 10–3). The B-coils can generate resonant magnetic perturbations with dominant toroidal mode numbers n = 1, 2, 4. The poloidal mode number spectrum m is defined by the poloidal dimension of the coils and their reciprocal distance; generally, there is no single corresponding m but a broad spectrum of modes and harmonics. The differential phase ΔΦ between the current harmonic flowing in the upper (Iupper) and lower (Ilower) set of coils can be modified in order to change the alignment of the perturbation field with respect to the equilibrium magnetic field lines. The differential phase ΔΦ is defined through the following relations: Iupper ∝ cos (nϕcoil) and Ilower ∝ cos (nϕcoil + ΔΦ), where ϕcoil is the toroidal angle location of the center of a B-coil [55].
In the experiments reported in this paper, ΔΦ steps of 45° are performed, and the perturbations generated are characterized by a dominant n = 1 toroidal mode number; the B-coils carry a maximum current of IB = 1 kA and are turned on 500 ms before the disruption, at t = 0.5 s. Indeed, at least approximately 0.3 s are required for the 3D fields to build up and reach the maximum value inside the plasma. Since RMPs are applied before the disruption event, the RE seed introduced by ECRH is expected to be partially de-confined by the perturbations, which might reduce the avalanche effect during the TQ and CQ phases.
An example of discharge with magnetic perturbations applied with ΔΦ = 90° is shown in Figure 1 (red). Figure 1A shows that both the initial runaway current and the beam duration in the post-disruption phase are almost halved with respect to the unmitigated RE discharge without external field application. Similarly, the HXR signal decreases by a factor of [image: image] in less than 50 ms and remains close to 0 afterward.
The phenomenology observed above is present only for specific differential phases of the B-coils. A scan in ΔΦ was performed, and some examples of the final currents and HXR measurements during the RE beam phase are reported in Figure 2. No significant effect of the applied perturbation is visible for ΔΦ = 0°, 180°, and 270°. However, both the discharges reported in this plot with ΔΦ = 90° are characterized by a reduction in the RE current (∼− 40%) and HXR emission (∼− 60%). This behavior is even more pronounced for ΔΦ = 45°, where the runaway beam initial current is much lower than that in the other discharges ([image: image]kA). RMPs slightly increase the edge electron density when applied in the pre-disruption phase, regardless of the value of ΔΦ and of the initial RE beam current. Thus, the mitigation effect of RMPs on runaway electrons is not a mere consequence of different density regimes induced by the applied perturbations before the disruption. A different behavior is found for the electron temperature profiles, as reported in Figure 3, averaged between 0.9 and 1.0s for three different classes of discharges: without RMPs (black), with Δϕ = 45° (blue), and Δϕ = 90° (red). A strong reduction in Te with respect to the unperturbed discharges, approximately −30% in the region between 1.9 m and 2.1 m of the major radius, is observed when RMPs with Δϕ = 45° are applied; this should result in a lower hot-tail RE seed current, which is exponentially dependent on the initial Te. The decrease in the confinement properties when 45° RMPs are applied is also confirmed by the disruption evolution: the time interval between current and thermal quench phases is, on average, shorter ([image: image] ms) with respect to unperturbed shots ([image: image] ms). Such a phenomenology might be consistent with an enhanced open-field line transport, possibly due to increased MHD activity involving a faster loss of the heat content to the edge. Furthermore, HXR spectra are affected by the phasings of the applied RMPs, as reported in [56]. In particular, in the presence of perturbations with ΔΦ = 45°, the slope of the HXR distribution becomes steeper in the post-disruption phase, and the trace falls off faster in the range 300–600 keV. Such a result is of great relevance since it highlights a possible effect of the RMPs, also during the RE beam phase, if applied with the appropriate differential phase. Such a distinctive behavior of the phase ΔΦ = 45° with respect to others will be discussed in the next subsection.
[image: Figure 2]FIGURE 2 | (A) Plasma current during the post-disruption phases for different values of ΔΦ and (B) corresponding HXR emission.
[image: Figure 3]FIGURE 3 | (A) Electron temperature profile by ECE averaged between 0.9 and 1 s and for different classes of discharges: no RMPs applied (black squares), Δϕ = 90° (red diamonds), and Δϕ = 45° (blue circles). (B) Percentage variation in Te with respect to the unperturbed shots.
A couple of discharges have been performed shifting the time of RMP application to 0.2 s before the disruption; in this case, the RE beam current was slightly below the current of a shot without RMP application. Similarly, two shots with RMPs applied at the disruption time also show no effect on the RE beam current and on its evolution and duration.
2.2 Role of plasma response in RE mitigation
The poloidal spectrum of the applied 3D fields has been evaluated in vacuum approximation at the time t = 0.98s, just before the disruption event, for more differential phases of the B-coils. Two examples are shown in Figures 4A–B of Figure 4 as a function of the poloidal wave number m and of the normalized poloidal flux coordinate (ρpol) for ΔΦ = 45° and ΔΦ = 315°, respectively. They correspond to the two phasings with the minimum and maximum resonant components in vacuum approximation. Indeed, the safety factor profile is plotted with a white dotted line, and the resonant positions corresponding to q = 3 and q = 4 are marked with dots. The ΔΦ = 45° case shows that the maximum perturbed field occurs in the edge region and between the non-resonant components m = 5 and m = 6; the resonant position with q = 4 conversely lies in a region of low field [image: image]. By increasing the B-coil phase difference, such a maximum is continuously shifted to lower values of m and at ΔΦ = 315° intersects the region with the rational surfaces q = 3 and q = 4 (Figure 4B). As a parameter to quantify the variation in the RMP amplitude br with ΔΦ, the m = 4 perturbed field component at resonance q = 4 is evaluated and shown in Figure 5A with a black-dotted line. The plot shows that the n = 1 radial field resonant with q = 4 (in the vacuum approximation) is maximum when ΔΦ ∼ 315° with a minimum value close to 0 at approximately ΔΦ ∼ 100°; a similar trend is also found for the m = 3 mode estimated at q = 3 position (not shown in the figure for the sake of clarity). Such a dependence cannot explain the experimental data described in the previous sections, summarized in Figure 5. Figure 5B shows the initial RE post-disruption current; here, each point corresponds to a different discharge and the dashed line to the average post-disruption current for shots where RMPs are not applied. For the two shots with ΔΦ = 45°, the initial runaway electron beam current is reduced by more than a factor of 2; a similar effect is also found for many discharges with ΔΦ = 90°.
[image: Figure 4]FIGURE 4 | Contour of perturbed field function of the m component and normalized poloidal flux for two values of the B-coil differential phase with (A) 45° and (B) 315° in vacuum approximation while (C) 45° and (D) 315° including the plasma response. In all the plots, the white dots are the resonance positions q = 4, 5, and the thin white line is the safety factor profile.
[image: Figure 5]FIGURE 5 | Dependence on Δϕ of the (A) perturbed field amplitude at the resonance q = 4 in vacuum approximation (black) and with plasma response (red, multiplied by a factor 8), and of the kink mode m = 5 in the edge region blue; (B) post-disruption RE current. (C) post-disruption RE current vs. perturbed field amplitude m = 5 evaluated by MARS-F; the full dots correspond to shots with Δϕ = 45° but IB ∼ 0.8 kA.
The code MARS-F [57, 58], which solves the single-fluid, linearly perturbed MHD equations in full toroidal geometry, has been used to calculate the poloidal spectrum, including the plasma response to RMPs. Figures 4C, D show the results obtained for ΔΦ = 45° and 315° relative to an equilibrium preceding the disruption (reference shot: 33113, t = 0.98 s); the corresponding kinetic quantities such as electron/ion temperature and density profiles are provided by the integrated data analysis (IDA) [59] of diagnostics as a result of a coherent combination of measurements based on the Bayesian probability theory. In these simulations, a toroidal rotation of ω/ωA = 5 ⋅ 10–3 is assumed (ωA is the Alfvén frequency for the considered plasmas). In both cases, the plasma response reduces the amplitude of resonant harmonics at the corresponding rational surfaces compared with the vacuum field; conversely, the kink relative to the components m = 5, 6 for ΔΦ = 45° is enhanced by more than a factor 3. The same analysis has been performed for more ΔΦ and toroidal rotation values.
The m = 4 resonant component at q = 4—computed including the plasma response—is shown in Figure 5A with red squares; its amplitude is reduced by a factor [image: image] with respect to the vacuum approximation (black line with circular markers in the same panel). The differential phase relative to the maximum is shifted by [image: image] in the direction of increasing ΔΦ values, thus closer to the B-coil differential phase and experimentally more successful in reducing the RE beam current. The same panel also reports the average amplitude of the non-resonant mode m = 5 (blue-triangle curve) in the edge region (ρpol > 0.8). A clear maximum can be observed at ΔΦ ∼ 45°–90° with an absolute value higher than 5 mT; the RMP configuration for which runaway electrons are best mitigated is thus related to the largest edge kink response. A similar behavior was found for the B-coil configuration most efficient in suppressing edge-localized modes (ELMs) [60, 61], where the maximum field evaluated including the plasma response is offset [image: image] from the one in vacuum approximation [62]. An analogous behavior in ITER—to be investigated and confirmed by dedicated numerical simulations including the plasma response—would represent a point of great interest. Figure 5C shows a combination of (a) and (b): IRE as a function of the m = 5 kink mode radial field evaluated by MARS-F. The interval in br with a strong reduction of IRE is very narrow, confirming that IB = 1 kA is close to the minimum threshold required to successfully mitigate the runaways; this is also confirmed by the three full dots corresponding to discharges with a reduced IB ([image: image]kA) and Δϕ = 45°: they are still in the main trend traced out by other shots and lie just outside the region where REs are significantly reduced. The good agreement between the linear approach implemented by MARS-F and the experimental results suggests that the nonlinear interactions probably do not play a major role, at least in determining the optimum B-coil phasing configuration. Nevertheless, the variability observed in those cases with Δϕ = 90° may be due to the highly non-linear dependence and tiny variations in plasma response when the perturbation amplitude is around the threshold.
The findings presented above do not depend on the toroidal rotation if ω/ωA is between 10–3 and 5 ⋅ 10–3. An estimate of the experimental toroidal flow can be inferred from the rotation frequency of the inner n = 1 mode when present and is of the order of [image: image] kHz (ω/ωA ∼ 2 ⋅ 10–3).
Figures 3, 4, 5 show how RMPs with maximum plasma response affect the thermal confinement (temperature profiles and TQ dynamics); therefore, a combination of effects might occur to determine a lower runaway current: on one hand, perturbations affect the RE seed already before the disruption (i.e., reduce the avalanche effect); on the other hand, the generated REs are lost in a shorter time because of enhanced transport. These findings are not in contradiction with previous ones observed in other devices; rather, they make us suppose that, in past experiments, the RMP poloidal spectrum harmonic component could not have been sufficiently high due to a wrong phasing or to the geometry of the coils. In addition, the simulations performed to interpret the data relied only on vacuum field approximation. The results reported here, combined with disruption predictive models [63–66] and in synergy with standard mitigation methods, might also be relevant for RE suppression in future fusion reactors.
The total perturbed field (vacuum + plasma response) of the resonant field components is relevant in the formation of magnetic islands (e.g., harmonics (4,1) and (3,1)) and, potentially, can be responsible for field line ergodization. However, the non-resonant part (kink amplification) that does not necessarily ergodize fields further contributes to RE suppression (by coupling to the resonant spectrum or direct orbit modification). In this sense, the combined results reported in Figures 4, 5 point to two mechanisms both occurring at the same favorable coil phasing, which could affect the primary generated runaway electrons, thus reducing the initial seed, or those produced in the avalanche process. Nevertheless, a deeper understanding of these issues would require a detailed analysis and/or an investigation with a two-fluid approach [67], considering also nonlinear effects in the plasma response to RMPs. When two-fluid terms are included in the response calculations, the ion and electron velocity are no longer the same; in particular, the electron velocity tends to be the relevant quantity controlling the field penetration in the core of the plasma at the mode-rational surface. Conversely, the excitation of edge modes is mainly correlated with ion velocity [68]. Another approach for the interpretation of these experimental results consists in the direct modeling of the RE trajectories [69] in the 3D fields generated by the B-coils corrected with the plasma response effects, as described in the following subsection.
2.3 Modeling by ORBIT
The Hamiltonian guiding center code ORBIT upgraded to a relativistic version has been applied to investigate the impact of MPs on REs of different energies in the experiments performed at AUG. A qualitative approach is used in this paper for the simulations; indeed, the reconstruction of the plasma response during the dynamic disruption phase is more complex since the system changes from an Ohmic to a plasma dominated by electrons. Moreover, a complete distribution function should be considered to treat in detail the transport of electrons. Here, we consider them as test particles placed in different positions of the device to verify how they react to the applied 3D fields. Nevertheless, despite these limitations, as shown below, the simulations can well describe the different impacts of RMPs on the electron drift and losses when varying the plasma response, consistently with the observed phenomenology.
ORBIT simulations in AUG point out that despite the lack of macroscopic chaotic regions, the most efficient coil configuration enhances the test electron drift and the associated losses with a strength depending on the particle energy. Moreover, this mechanism is found to be important in the disruption phase, when the effect of the induced toroidal electric field is also included in the simulations.
The equilibrium given as input to the code corresponds to the time t = 0.98 s, just preceding the disruption event with q95 = 4.5. The radial eigenfunctions relative to the m components of the n = 1 perturbations from MARS-F are implemented in ORBIT, as described in [70]. The Poincaré maps reconstructed for the most and least efficient phasing (i.e., Δϕ = 45° and Δϕ = 180°) do not show a macroscopic stochasticization of the field but only larger magnetic islands for Δϕ = 45° (see [70] for the plots and more details on this issue). When considering the high-energy particle orbit phase space, the magnetic islands become more distorted and shift toward the outer region; in particular, in the case with Δϕ = 45°, the drift of the islands barely intercepts the last flux surface.
Numerical simulations have first involved the pre-disruption phase by performing several ORBIT runs following the trajectories of 2000 electrons varying their energy and the phasing of the applied RMPs. Such a number of particles is a compromise between the desired statistics and the duration of the ORBIT runs. Only small differences [image: image] are observed in the final distribution properties when increasing the number of the test electrons. The energy of the electrons considered in the simulations varies from tens of keV to the MeV order of magnitude; indeed, in [56], it is shown that the measured HXRs are emitted by electrons with an energy distribution that extends up to few MeVs. It is found that the 45° phasing can partially depopulate the high-energy component of the electron distribution, in particular when E > 1 MeV. Nevertheless, a clear impact on the thermal bulk of the electrons is not visible. Since in the experiment, at least in the pre-disruption phase, there is no evidence of electrons with energies of hundreds of keV, a direct and important effect of the perturbations must be excluded and might only marginally affect the supra-thermal component. Indeed, losses are less than 1% for E ∼ 10−500 keV and Δϕ = 45°. In contrast, simulations relative to the disruption phase—when the population of electrons with high energy becomes important—show that the most efficient phasing of RMPs can severely impact the loss amount, as described in detail below.
The thermal quench phase in AUG is triggered by injecting Ar gas in the plasma and corresponds to the phase with the plasma temperature collapsing from its pre-disruption value to almost 0 (in approximately 1 ms); the following decay of the conductivity generates a huge toroidal electric field, which rapidly increases the electron energy. Then, during the following current quench phase, the number of high-energy electrons exponentially increases by the avalanche mechanism. Since RMPs are still applied during the TQ and CQ phases, they can further affect the runaway confinement. Simulations by ORBIT relative to these phases have been performed including the effect of the induced electric field and still keeping the same pre-disruption equilibrium. The latter assumption, in particular, is strictly correct only in the initial CQ phase; indeed, after few ms, q95 increases to [image: image] and in tens of ms; the plasma radius also becomes smaller. The electric field implemented in ORBIT is constant in space and time and equal to Ef = 40V/m, the time average of the one experimentally measured during the disruption in AUG (varying in the range [0,80] V/m). Monoenergetic electrons with an initial energy between 1 keV and 10 MeV are considered for the numerical simulations, with a uniform distribution in the poloidal and toroidal angle Boozer coordinates (those commonly implemented in ORBIT) and in the region with r/a > 0.6; indeed, preliminary tests have shown that inner-placed electrons are never lost with the 3D field amplitude considered here. Furthermore, the pitch (λ = v ⋅B/B) is assumed to be uniform, i.e., in the interval [−1, 1]. Collisions are not included since their typical time is much lower with respect to the run duration, especially for high energies of the electrons. Two perturbation spectra are considered, the one relative to the most efficient RMP, Δϕ = 45° and the one with Δϕ = 180°, which is experimentally almost equivalent to a scenario with no 3D fields applied.
The run time corresponds to 0.8 ms, comparable with the initial CQ-phase duration. The inclusion of the electric field allows for the passing electrons to increase their energy and, thus, to enhance their orbit drift so that they can more easily be lost to the wall. At the end of a run, the still confined particles are characterized by the energy distributions reported in Figure 6A relative to the two phasing Δϕ = 45° (red solid line) and 180° (black thinner line). The peak centered at 4 MeV, the initial energy of the electrons in these runs, is mainly due to trapped particles that do not acquire kinetic energy during their banana orbits. On the other hand, the distribution close to E ∼ 7 MeV is almost composed of passing electrons. The plots on this panel also highlight the relevance of the plasma response when Δϕ = 45°: the total number of confined electrons is lower than in the 180° phasing. Concerning the electrons escaping from the plasma, panel (b) shows the relative pitch and loss times. The most efficient phasing increases the losses at all times, especially between 10–3 and 0.1 ms with pitch λ ∼ 0–0.6 (trapped + barely passing particles) and at smaller times, below few μs for λ ∼ 0.8–1 (fully passing electrons).
[image: Figure 6]FIGURE 6 | (A) Final energy distribution for confined electrons in simulations relative to the disruption phase and with E = 4 MeV; (B) lost electrons: final pitch and loss time for the two phasings Δϕ = 45°, 180° and E = 4 MeV.
Two examples of particle motion are shown in Figure 7 relative to electrons with the same initial energy and pitch but with different RMP phasings applied. Panel (a) shows the normalized poloidal flux time evolution (i.e., ∼ the normalized radial position) of a 500-keV barely passing electron under the action of perturbations with Δϕ = 45° (red) and 180° (black). In the latter case, the electron oscillates around the same position close to 0.9 and is never lost. In contrast, the application of the other phasing modifies the trajectory of the electron after a couple of μs: it becomes trapped and is lost after few bounces in approximately [image: image]. An analogous plot is shown in panel (b) for a couple of passing electrons with higher initial energy (E = 4 MeV) and again under the same initial conditions. The motion of the two electrons under the action of the two perturbation spectra is very similar up to 60 μs, and their energy is increased by a similar amount by the electric field, approximately +300 keV. Nevertheless, at [image: image], the RMPs with Δϕ = 45° make the electron deviate radially to the wall; conversely, in the presence of the other kind of perturbation, the electron remains confined and continues to be accelerated without being never lost on these time scales.
[image: Figure 7]FIGURE 7 | (A) Motion of two electrons with the same initial conditions and energy of 500 keV but subjected to different phasings of RMPs; (B) similar quantities but for two electrons with an initial energy of 4 MeV.
Figure 8A shows the ratio of the not-lost electrons Nfin between the case with Δϕ = 45° and Δϕ = 180° as a function of the initial energy implemented in the simulations. While for E < 1 MeV the number of confined electrons is similar with the two phasings Nfin,45/Nfin,180 ∼ 1, at higher energies (8–10 MeV), the fraction of surviving electrons with the most efficient phasing rapidly decreases to [image: image] with respect to Δϕ = 180°. It is worth noting that the ratio between the final RE beam current observed experimentally in the case with Δϕ = 45° and 180° is very close to 40% (see Figure 5B); assuming that most of the RE current is carried by high-energy electrons, this is qualitatively consistent with the numerical findings just described. Even if not applied in the experiments, the case with Δϕ = 30° has also been tested in simulations. Indeed, from the numerical studies performed varying the phasings, such a value seems to be the one with the strongest effect on RE de-confinement. For this reason, in Figure 8A, the results obtained with Δϕ = 30° are also reported and clearly show a further decrease in the electrons remaining in the plasma at all energies with a faster decay for E > 1 MeV. It is worth noting that Figure 8 only shows the number of confined electrons during the simulations; our aim is not to reproduce the experimental current but to show that there is a qualitative agreement with the results obtained from the experiments, i.e., the simulation with a minor number of confined electrons is obtained with the MHD spectrum corresponding to the coil phasing that experimentally is more efficient in reducing the final RE current.
[image: Figure 8]FIGURE 8 | (A) Ratio of not-lost electrons with the two phasings applied with respect to 180° as a function of electron energy; (B) scan in phasing at a fixed energy of E = 10MeV.
For the energy E = 10 MeV, a complete phasing scan has been performed. The results are shown in Figure 8B with the ratio Nfin,45/Nfin,180 as a function of Δϕ. The fraction of surviving electrons has a clear minimum at Δϕ = 30° (35%) and is also characterized by a lower value with respect to the most performing experimental phasing (+45%).
As stated above, the approach used in these simulations is qualitative; indeed, the plasma response during the dynamic disruption phase is much more complicated, and the system also changes from an ohmic to an electron plasma. Nevertheless, the modeling described here can explain and reproduce the different effect of perturbations on the electron drifts and losses consistently with the experimental data phenomenology. In particular, the main mechanism leading to RE losses seems to be related with the kink and the associated drift effects; indeed, no clear ergodization is observed. In a predictive purpose, the code identifies the presence of a maximum in terms of electron losses for the coil configuration corresponding to Δϕ = 30°. Such a value would allow us to enhance the RE mitigation and, thus, to reduce the RE beam current.
3 RE MITIGATION IN COMPASS
The tokamak COMPASS (major radius R0 = 0.56 m and minor radius a = 0.23 m) features ITER-like plasma shapes with a toroidal field BT = 0.9−1.5 T and a plasma current Ip < 350 kA [46]. Here, limiter circular plasmas are considered with BT = 1.15 T oriented in the same direction as Ip (clockwise from the top view). The upper/lower MP coil systems in COMPASS allow the application of perturbations with toroidal mode numbers n = 1 and n = 2 both before and after a disruption is induced [71, 72]. The current (IMP) flowing in the MP coils can be increased up to 4 kA corresponding to a radial field normalized to the main toroidal field of bMP/BT ∼ 10–2. The sign of the current in the upper and lower set of coils can be varied in order to obtain different configurations (or differential phasing Δϕ, like in AUG) for the poloidal spectrum of the applied perturbations. With n = 1, the number of phasings available is 4 (Δϕ = 0°, 90°, 180°, and 270°); if n = 2, only two configurations are possible: even (Δϕ = 0°) and odd (Δϕ = ±90°) orientation.
Figure 9 shows an example of a standard COMPASS discharge (black line) where a disruption is induced by argon puffing (1.2 bar, [image: image]) in the time interval 1095−1115 ms. As reported in panel (a), the plasma current increases up to 160 kA during the ramp-up, followed by the flattop phase and is fully converted into RE current after the disruption event. The electron density in panel (b) increases from approximately [image: image] to slightly greater than 3 ⋅ 1019m−3 after the Ar injection, while the loop voltage, in panel (c), remains almost constant with a value of approximately 0.5 V by a feedback on the current in the central solenoid. The presence of REs is confirmed by the plot in panel (d) reporting the signal from the HXR detector (sensitive to photon energies [image: image] keV), which also shows that an RE seed is already present before the disruption (due to the Dreicer mechanism favored by the low-plasma density) and rapidly increases up to saturation after Ar injection. In the same figure, the red trace refers to a similar discharge but with n = 1 resonant magnetic perturbations (IMP = 3.5 kA, phasing 270°) applied from a time (tMP = 1080 ms, vertical dotted line) preceding Ar puffing. The resulting RE current, reported in panel (a), is characterized by a faster decay with respect to the unperturbed discharge and by a shorter duration of the RE beam (−43%); the HXR radiation shown in panel (d) already starts to rapidly increase when the MP is applied (i.e., MPs can affect and de-confine the pre-disruption RE seed as well). It is worth emphasizing again that after the disruption, the HXR signals saturate and are no longer reliable and cannot be compared with each other; the interesting interval is between 1080 ms, i.e., of MP application for the shot in red, and the Ar injection where the red HXR trace rapidly increases (in contrast to the black one relative to the discharge without an applied MP).
[image: Figure 9]FIGURE 9 | Example of disruptive discharges in COMPASS without (black, #15774) and with (red, #15775) MPs applied; from the top: (A) plasma current, (B) electron density (oscillations in the red trace after disruption are caused by fast variations in the radial RE beam position and other signals), (C) loop voltage, and (D) HXR radiation. The MP pulse starts at the time corresponding to the vertical dotted line, and the Ar injection is represented by a rectangle in the top panel.
These experiments have been repeated by varying the phasing of the n = 1 mode and the current in the MP coils. The magnitudes of pre-MGI-applied MP were limited in the experiment for avoiding the locking of magnetic island rotation that disrupts the discharge without RE generation (this occurs for MPs with Δϕ = 0°, 90°, IMP > 1 kA or with Δϕ = 180°, IMP > 3 kA). The results are given in Figure 10A with the RE beam duration ΔtRE—measured from the end of Ar puffing (1,115 ms) to the time when the RE current decreases to below 30 kA—as a function of IMP; each color/symbol corresponds to a different phasing. Up to IMP = 1.5 kA, a significant effect of the MPs on the RE beam is not visible: for all Δϕ values, the duration is similar to the one typical of unperturbed reference discharges (empty circles).
[image: Figure 10]FIGURE 10 | Runaway beam duration (ΔtRE) as a function of MP amplitude (IMP) for different phasing values (colors/symbols). (A) MPs have been applied before the disruption; (B) after. The legend in (A) also applies to (B).
In contrast, for IMP > 2 kA and Δϕ = 270°, the duration decreases in the range 40–60 ms. Similar experiments have been performed with perturbations applied after the disruption (at tMP = 1135 ms), when the RE beam is fully generated; a summary of the main findings is shown in Figure 10B. An almost linear trend can be observed for the phasing Δϕ = 0°. Furthermore, Δϕ = 270° (green squares) can slightly reduce the RE beam duration but with a lower efficiency than Δϕ = 0°, except for in a single case at 3.5 kA where ΔtRE decreases to [image: image] ms.
Further discharges have been performed using MP with n = 2 instead of n = 1. The results are shown in Figure 11 both for perturbations applied before and after the runaway beam generation. As clear from circle symbols, pre-existing MPs with n = 2 in most the cases reduce the duration of the RE beam (from [image: image] to [image: image] ms) but with an impact partially lower than that of n = 1. The effect, in particular, is stronger for odd parity, where the RE beam duration can decrease by ∼ − 30%. Conversely, n = 2 MPs applied after the disruption (diamonds) have little-to-no effect on the value of ΔtRE (−9% in the odd parity case).
[image: Figure 11]FIGURE 11 | Runaway beam duration (ΔtRE) as a function of amplitude (IMP) of odd- and even-parity n =2 MP, applied before or after disruption.
A fraction of discharges has been performed also using Ne instead of Ar for MGI and is characterized by a larger variation in the RE beam duration (80–140 ms). The application of n = 1, 2 MPs—both before and/or after the disruption—in this case also has a clear impact on the runaways but less systematic with respect to Ar; more experiments to reinforce the statistics are required.
3.1 Interpretation by the code MARS-F
The results reported in the previous sections have been interpreted including the plasma response to the applied MPs by using the code MARS-F, similar to that in the first section for ASDEX Upgrade. The simulations have been performed considering the equilibrium quantities (main field, plasma current, density, and temperature) relative to a time (1080 ms) preceding the disruption and the RMP application. Indeed, in the following phase, during the Ar/Ne puffing or the RE beam decay, most of the usual parameters are not well-defined since the plasma is degenerate, being composed only of electrons. As central temperature, a value of Te (0) = 226 eV has been chosen, and for the electron density, ne (0) = 0.45 ⋅ 1019m−3, both obtained from Thomson scattering measurements. The ion temperature is assumed to be the same as the electron temperature. The toroidal flow velocity in COMPASS corresponds to a rotation frequency of [image: image] kHz, a value in agreement with the (1,1) mode rotation frequency (when present).
The computed components of the perturbation field at the resonance positions q = m/n = 2/1 and q = 3/1 are shown in Figure 12 as a function of Δϕ both in vacuum approximation and considering the plasma response to MPs. They present a maximum for the m = 2 (3) components at Δϕ = 230° (270°) in vacuum, which is shifted to Δϕ = 330° (350°) if the plasma response is included; thus, these numerical simulations allow us to interpret the experimental data shown in Figure 10 as a result of the resonance between MPs and pre-disruption plasma equilibrium: indeed—for the same IMP—the strongest effect is observed at Δϕ = 0°. On the other hand, it is not possible to make a direct comparison between simulations and experiments with pre-existing MPs (Figure 10A) since a complete scan of the MP current was available only for one phasing (270°) because of lock modes or disruptions in the rest of the Δϕ values.
[image: Figure 12]FIGURE 12 | Perturbed field at resonant positions q = 2 (red) and q = 3 (blue) in vacuum (diamonds) and with plasma response (triangles) as function of the phasing for n = 1 MP.
A more direct comparison between the results from MARS-F simulations and the experimental data is shown in Figure 13. The panel on the left shows the durations of the RE beam—when RMPs with 3.5 kA of coil current amplitude are applied after the disruption—vs. the radial field at resonant positions q = 2 (red) and q = 3 (blue); each point corresponds to the average of the RE beam duration Δt relative to the same phasing (i.e., the data given in Figure 10B at the maximum IMP). Such a plot does not present any trend but only a cloud of points. In contrast, if the plasma response is included, the right-hand side panel is obtained, where a clear decrease in the beam duration as a function of the radial field computed by MARS-F is visible. Such a plot further highlights how the field component important at the resonance q = 2 and q = 3 is not the one computed in vacuum approximation but the one accounting for plasma response as well.
[image: Figure 13]FIGURE 13 | RE beam duration as a function of n = 1 radial field at q = 2 (red) and q = 3 (blue) in vacuum approximation (left) and including plasma response (right).
Similar simulations by MARS-F for the n = 2 perturbations confirm the presence of a stronger plasma response in the odd-parity configuration as occurs in experimental discharges when MP application precedes the disruption. In experiments, we observed that Δϕ = 90° was better at mitigating REs than 0°. According to modeling results in the Δϕ scan plot (Figure 14), the 6/2 resonance is indeed approximately 50% stronger at 90° than it is at 0°; however, the 4/2 resonance is basically the same there. This could imply that the edge resonance (q = 3 is very close to the last surface) is of more importance to RE mitigation than the resonance deeper in plasma on the q = 2 surface. Furthermore, we observed that vacuum approximation would be yet completely wrong in the prediction of RE mitigation, as it clearly shows worse resonance at 90° than at 0° in contrast to the experiment. Another interesting case to compare would be 45°–135° since they correspond to the maximum and minimum of resonant coupling when the plasma response is taken into account, as can be seen from the Δϕ plot in Figure 14. Unfortunately, COMPASS does not have such a freedom in Δϕ for n = 2 RMPs.
[image: Figure 14]FIGURE 14 | Perturbed field at resonant positions q = 2 (red) and q = 3 (blue) in vacuum (diamonds) and with plasma response (triangles) as a function of the phasing for n =2 RMPs.
3.2 Modeling by ORBIT
Using a similar approach to the one adopted for numerical simulations in ASDEX Upgrade in the previous section, the experimental findings on RE mitigation in COMPASS have also been analyzed by means of the ORBIT code. To this end, a pre-disruption equilibrium has been considered with q = 3 at the edge. n = 1 perturbations provided by MARS-F have been implemented in the code with four phasing Δϕ (i.e. 0°, 90°, 180°, and 270°); for each case, the variation in the amplitude allows us to explore more values of current applied by the RMP coils IMP. As initial conditions, a random distribution in the position (i.e., in the radial coordinate and poloidal/toroidal angle) and pitch (in the range [−1, 1]) of 2000 electrons has been assumed with an energy of 2 MeV. The run duration corresponds to a time of 0.1 ms; at the end, the number of electrons lost from the plasma and their parameters are recorded.
Figure 15 shows with a dotted black line the cumulative distribution of losses in a run with no perturbations applied. Electrons are lost at the very beginning of the run, within 0.1μs and amount to the 17% of initial population; then, the total losses do not increase anymore till the end. A different scenario occurs when the modes are implemented with Δϕ = 270° and turned on with a value corresponding to a coil current of 3.5 kA, the maximum one tested in the experiment. As clear from the solid red line, a fast growth of the cumulative distribution is still visible in the first μs (basically the same observed in the equilibrium case), but then, electrons continue to be lost up to 21% of their initial number. Such loss mechanisms would further keep going when considering longer runs, in contrast to the equilibrium scenario where a saturation effect is observed.
[image: Figure 15]FIGURE 15 | Cumulative distribution losses for COMPASS numerical simulations by ORBIT in the unperturbed case (dotted black line) and in the one with perturbations implemented (solid red line).
For a qualitative comparison with the experimental data, in the following equation (Eq. 1), the loss enhancement (loss enh.) has been considered, i.e.,
[image: image]
where Nloss(Δϕ) is the loss amount when perturbation with phasing Δϕ is applied and Nloss(EQ.) is the same quantity but in runs with only the unperturbed equilibrium. The results are shown in Figure 16: in panel (a), the loss enhancement has been plotted as a function of the coil current for different phasing, while in (b), the dependence vs. Δϕ is highlighted. As in the experiment, the enhancement of lost electrons increases with the current, i.e., with the amplitude of the perturbations and with a clear different behavior of the two cases at Δϕ = 270°, 0°—where the increase is of the [image: image]—with respect to those at 90°, 180° where the loss amount is approximately [image: image]. It is worth noting that at IMP < 1.5 kA, the increase in the losses is similar for all the phases, i.e., 7 − 9%, which is in qualitative agreement with the RE beam duration experimental data shown in Figure 11A, which remain mostly the same up to 2 kA, suggesting that RMPs can affect the RE losses only at higher IMP values.
[image: Figure 16]FIGURE 16 | (A) Loss enhancement with respect to the equilibrium case vs. the current amplitude of the RMP coils for different phasings of the perturbations implemented in ORBIT; (B) loss enhancement as a function of the phasings for different IMP values.
These findings do not depend significantly on the initial energy assumed for the runaway electrons as verified in similar ORBIT runs performed with E = 500keV, 1MeV, 5MeV, and 10 MeV. Qualitatively, the same trends reported above are reproduced but with an absolute number of lost electrons increasing with the energy both for simulations with the equilibrium only and with the perturbations implemented, a behavior probably just due to the larger drift experienced by the runaways rather than to RMPs. Such a topic requires to be further investigated; different conclusions can also be found in literature, as those described in [73, 74], where runaway electrons appear to be less sensitive to perturbations at higher energies.
In conclusion, similar experimental results have been obtained in ASDEX Upgrade and Compass on RE mitigation by MP application, even in the presence of different pre-disruption plasma currents, geometry, and magnetic field strengths. The reported results can be explained only if the plasma response to the applied perturbation is included in the simulations, as shown by the reconstructions performed by means of the MARS code. Numerical modeling of test particle transport by the ORBIT code in the presence of the MHD modes provided by MARS can qualitatively reproduce the observed phenomenology in both the devices.
4 RE MITIGATION IN RFX-MOD TOKAMAK DISCHARGES
Thanks to its advanced system for the control of magnetohydrodynamic modes based on 192 independently fed saddle coils [75], RFX-mod is particularly suitable to explore the RE de-confinement in response to applied magnetic perturbations with different modal numbers and amplitude both during the flat-top phase, on primary generated runaways, and on the post-disruption plateau. The RFX-mod experiment, with a major and minor radius of R0 = 2 m and a = 0.459 m, respectively, not only works as a reversed-field pinch device but also as a low-current ohmic tokamak. The active control system allows us to achieve regimes with q(a) down to [image: image] [76] in which the (2,1) resistive wall mode (RWM) is feedback-stabilized.
The high-energy electron dynamics in the RFX-mod is investigated thanks to the soft X-ray (SXR) tomography and using two scintillators based on an NaI(Tl) crystal (placed at the toroidal angles ϕ = 157.5° and ϕ = 262.5° on the mid-plane) coupled to a photomultiplier for the detection of HXRs generated when the electrons escape the plasma and impact the first wall. A statistical study, carried out over about 150 tokamak deuterium discharges, shows that most of the RE events occur at densities lower than 4 ⋅ 1018m−3 and with a toroidal electric field in the range 0.03–0.1 V m−1 (the theoretical critical field Ec is [image: image]). Only few runaways are observed at higher densities (1019m−3) for amplitudes of the electric field greater than 0.1V/m [77].
As found in the experiments described in the previous sections, radial magnetic fields might prevent the electrons from reaching high-energy levels before being lost. In this case, the presence of MPs generates partially chaotic regions. Due to the fast radial diffusion within these domains, electrons can leave the plasma in a shorter time and with lower energy with respect to the unperturbed configuration. To investigate this issue, MPs were applied during the (feedback-stabilized) flat-top phase of low-density RFX-mod tokamak discharges; an example is shown in Figure 17, where a 10-Hz rotating (2,1) mode (panels (c)-(d)) is applied to a plasma with q(a) < 2 (current in panel (a)). The amplitude of the MP increases linearly to a value of 0.3 mT (0.05% of the edge toroidal field BT(a) = 0.55 T) in the time interval 0.3–0.55s and then decreases to 0 at t = 0.8 s. The scintillator HXR signal (IHXR) is reported in panel (b): two different modulations are clearly visible, the first (approximately 10 Hz) characterized by five relative maxima, which are correlated to the mode phase (d), the second, slower, scaling with the perturbation amplitude. IHXR, proportional to the energy of RE reaching the diagnostic, decreases from [image: image] V to [image: image] V when the (2,1) mode increases, while it increases to [image: image] V as the perturbation is taken to 0.
[image: Figure 17]FIGURE 17 | (A) Plasma current, (B) HXR signal, (C) radial field component for the (2,1) mode, and (D) phase for the shot #33640. In red (dotted line), in (B), the slower modulation of the HXR signal is highlighted.
The same dependence of IHXR on the perturbation amplitude has been observed in many discharges with applied perturbations. Figure 18 shows the HXR signal normalized to its maximum value Imax (the latter might vary from shot to shot) as a function of the normalized perturbation amplitude br(a)/BT(a). The plot suggests that the RE energy decreases with the amplitude of the perturbation in most cases, with a reduction in [image: image] as br(a)/BT(a) ≥ 0.05%. Note that such a trend is similar for the one reported for AUG in Figure 5C (even if in that case the coil phasing is the varying quantity).
[image: Figure 18]FIGURE 18 | Normalized HXR amplitude as a function of br(a) for several shots.
There are also cases of REs generated during discharges with q(a) > 2 where spontaneous (2,1) tearing modes (TMs) develop without inducing a disruption. By using a statistical approach over many shots with similar features in terms of density, current, and magnetic field, it is found that the maximum HXR signal decreases with the amplitude of the mode and is almost 0 as br(a)/BT(a) > 0.06%. Such a behavior is still a consequence of the stochasticity induced by the (2,1) mode, which prevents runaway electrons from reaching high energies before being lost to the wall. Such an effect is still greater than that in the q(a) < 2 scenarios since the (2,1) TM is resonant.
4.1 Numerical modeling
These experiments, as those presented in the previous sections, have been interpreted by means of the ORBIT code in its relativistic version. The simulations consider two different circular equilibria with q(a) < 2 and q(a) > 2. The radial profiles for the eigenfuction of the (2,1) modes have been reconstructed by a Newcomb approach [28], including the plasma response, and several amplitudes are taken into account. Figure 19A shows the fast-electron phase space for 500 keV runaway electrons in the case with q(a) > 2 and an amplitude of the perturbation of br(a)/BT(a) ∼ 0.1%. Indeed, because of the high RE energy, the magnetic topology might differ from the particle orbit space, and the latter is the one relevant to determine the RE confinement properties and relative losses. In these simulations also, a (1,1) mode is included with a fixed amplitude; this periodicity is not resonant, but its coupling with the (2,1) perturbation generates resonant secondary modes, which lead to magnetic island formation (for instance, the (3,2) or the (4,3) from the further coupling of (3,2) + (1,1)). The partial overlapping between these islands might create regions of the plasma with partial stochasticity, in particular at the edge of the poloidal section, as shown in Figure 19A, which might be responsible for runaway electron losses. Test particle transport simulations have been performed in order to determine the RE losses in the presence of the (2,1) perturbation with different mode amplitudes of the toroidal electric field (ET = 0.05 V m−1), as well as of slowing down and pitch angle scattering collisions (assuming ne = 2 ⋅ 1018 m−3, Te = 600 eV). A total of 500 electrons with an initial energy of E = 100 keV and random pitch angles are considered with a spatial distribution linearly decreasing from the center to the edge of the plasma. The simulations last for a time corresponding to [image: image] ms, and the results are shown in Figure 19B with the percentage of lost electrons at the end of the run versus the MP amplitude in black (circles) for the scenario with q(a) < 2 and in red (squares) for q(a) > 2. It is worth noting that in the latter case, a mode amplitude of only br(a)/BT(a) ∼ 0.04% is enough to increase the fraction of lost particles to [image: image]. On the other hand, when q(a) < 2 equilibrium, the fraction of lost electrons—which still depends on the perturbation amplitude—remains below 10%. The increase in the loss amount with the amplitude of the perturbation applied is in qualitative agreement with the experimental result. More quantitative estimates would require a better evaluation of the safety-factor radial profile and of the RE initial energy implemented in the runs.
[image: Figure 19]FIGURE 19 | (A) 500-keV electron orbit space at br/BT(a) = 0.1% and q(a) > 2 (poloidal cross-section); (B) fraction of lost electrons as a function of the (2,1) mode amplitude in the case with q(a) < 2 (black/circles) and q(a) > 2 (red/squares).
4.2 The post-disruption phase
During the RFX-mod tokamak campaign, few experiments have been dedicated to the mitigation of REs by applied perturbations in post-disruption phases in discharges with flattop Ip = 90 kA. To this end, a disruption is induced by increasing the radial field of the (2,1) mode up to 0.5 mT; then, the current is kept constant for about half a second at [image: image] kA. During this latter phase (generally between t = 0.6s and t = 0.9s), the HXR signal increases by a factor 2, a clear sign of RE generation. As in the previous sections, the active control system was used to apply magnetic perturbations in this phase to test their effect on the RE confinement. Three different amplitudes of the (2,1) perturbation (static) have been applied through a feed-forward scheme, and their time evolution is shown in Figure 20A: br(a) = 0 (blue), br(a) ∼ 0.55 mT (black), and br(a) ∼ 1.1 mT (red).
[image: Figure 20]FIGURE 20 | (A) Radial field (2,1) mode amplitude applied during the post-disruption phases; (B) the corresponding histogram of the HXR signal amplitude distribution for IHXR > 0.05 V.
The effect of the MP on the REs can be observed from the histogram in panel (b), which shows the amplitude of the HXR signal for the discharges with the three different perturbations. Such an analysis has been limited to those events with IHXR > 0.05 V and clearly shows a reduction as the MP increases. It is worth noting that the HXR signal corresponding to the highest mode amplitude (red) is also characterized by a few RE events at greater energy (i.e., HXR signal); these are probably due to the enhancement of the toroidal electric field occurring in that particular shot between 0.7 − −0.8 s.
These results are only preliminary, and their statistics should also be increased taking into account the effect of other resonant and non-resonant modes, rotating with different toroidal and poloidal numbers. New experiments on these items are planned to be performed in the modified RFX-mod device [78, 79], which should become operative in 2024.
5 CONCLUSION
In this paper, we summarized the recent experimental results on RE mitigation by applied magnetic perturbations in ASDEX Upgrade, COMPASS, and RFX-mod in its tokamak version. The execution of the experiments in these three devices allows us to cover a wide range of parameters in terms of toroidal field (from [image: image] in AUG to [image: image] in RFX-mod), applied perturbation amplitude (br/B0 ∼ 0.1–1%), toroidal mode number of the waveform applied (n = 1, 2), plasma density/temperature, and geometry. On the other hand, due to the peculiar constraints of each device and coil configuration, they are also complementary: for instance, in AUG, a resolved scan in the coil configuration has been performed but with a fixed toroidal mode number and amplitude; the latter, on the contrary, have been partially changed in COMPASS. Finally, despite a fixed toroidal mode number of the perturbation and the same coil configuration, a more complete amplitude scan has been executed in RFX-mod. Even if characterized by different properties, in all cases, the application of suitable MPs can significantly reduce the generation and confinement of runaway electrons. In AUG and COMPASS, the most relevant results are obtained by maximizing the plasma response to the perturbations, an issue investigated using the code MARS-F. The impact of the MP on electrons of different energies has been numerically tested using the code ORBIT. The simulations show that the most efficient coil configuration enhances the drift of test particle trajectories—and thus, the losses—even without the presence of large chaotic regions. In RFX-mod, perturbations have been applied in different equilibria and with a larger variation of the amplitude; furthermore, in this case, the numerical modeling by ORBIT, assuming as input the mode eigenfunctions corrected including the plasma response effects, can qualitatively reproduce and explain the experimental findings.
The results presented in this paper suggest that in previous experiments, which were not successful in RE mitigation by RMP application, the poloidal spectrum of the perturbations was probably not the most efficient one due to an unfavorable phasing or to the peculiar geometry and configuration of the coils. Even if other techniques like shattered pellet injection, together with benign termination, must be used to completely suppress the RE generation and are those expected to be implemented in larger devices like ITER or DEMO, the method of MP application can still make a complementary contribution. Indeed, it could be used to prevent or at least minimize the RE beam formation if applied prior to the current quench in the context of a series of actions triggered by real-time models that predict the occurring of a disruption. The reduced RE beam current in this way could be easily completely dissipated by the other standard methods, hence avoiding the damages to the plasma-facing components.
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