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Abstract. This paper reports the main recent results of the RFX-mod fusion science activity. The RFX-mod device 

is characterized by a unique flexibility in terms of accessible magnetic configurations. Axisymmetric and helically 

shaped Reversed-field pinch equilibria have been studied, along with tokamak plasmas in a wide range of q(a) 

regimes (spanning from 4 down to 1.2 values). The full range of magnetic configurations in between the two, the 

so-called ultra low-q ones,  has been explored, with the aim of studying specific physical issues common to all 

equilibria, such as, for example, the density limit phenomenon. The powerful RFX-mod feedback control system 

has been exploited for MHD control, which allowed to extend the range of experimental parameters, as well as to 

induce specific magnetic perturbations for the study of 3D effects. In particular, transport, edge and isotope effect 

in 3D equilibria have been investigated, along with runaway mitigations through induced magnetic perturbations. 

The first transitions to improved confinement scenario in circular and D-shaped tokamak plasmas have been 

obtained thanks to an active modification of the edge electric field through a polarized electrode. The experiments 

are supported by intense modelling with 3D MHD, gyrokinetic, guiding center and transport codes. Proposed 

modifications to the RFX-mod device, which will enable further contributions to the solution of key issues in the 

roadmap to ITER and DEMO, are also briefly presented. 

1. Introduction 

The RFX-mod device (2m and 0.46m major and minor radii, respectively), thanks to its 

flexibility and unique control capability due to the advanced MHD-control feedback system,  

made of 192 independently driven active coil, is operated to investigate a wide range of 

experimental conditions [1]. 

Reversed-Field Pinch (RFP), tokamak and the full range of magnetic configurations in between 

the two, the so-called ultra-low q (Ulq) ones, are produced to investigate common physics topics 

and highlight both similarities and peculiarities. The RFX-mod scientific program provides a 

complementary contribution to tokamak and stellarator physics on fundamental aspects, 

including 3D effects, transport barriers and MHD control. The experiments are inspired and 

complemented by an intense theoretical and modelling activity, in particular to understand the 

effects of a helical boundary.  

The RFP is characterized by comparable toroidal and 

poloidal fields (q(r) < 1) and by the edge toroidal field 

reversal (q(a) < 0), so that, unlike configurations with 

large toroidal field, the magnetic field strength in the 

RFP is minimum at the magnets. 

The other operating RFP experiments are MST in the 

USA, Extrap-T2R in Sweden, RELAX in Japan and 

the newly built KTX in PRC. 

As a RFP, RFX-mod is devoted to an experimental and 

modelling effort to deepen the understanding of the 

confinement properties at high current (up to 2MA).  

High current regimes in RFX-mod have indeed been 

proved to be dominated by a self-organization process 

due to the action of one toroidal mode in the tearing 

spectrum, which breaks axisymmetry and induces the formation of a helical structure in the 

plasma core. The spontaneous tendency of RFP plasmas towards the so-called quasi-single 

helicity (QSH) state has been observed in other RFP devices. In MST [2], as in RFX-mod, such 

condition is more frequent in discharges with a RFP equilibrium characterized by a toroidal at 

the edge very close to zero (shallow reversal) and at high Lundquist numbers, while in the low-

aspect-ratio RELAX device QSH states have been observed also in deeply reversed discharges 

[3].       

 
Fig.1: ITB width WTe vs the normalized 

amplitude of the dominant helical 

perturbation, b1,-7. 
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Reecntly, studies on the formation and the effects of the 

electron transport barriers developing in the single helical 

axis (SHAx) states have been extended in RFX-mod, 

evaluating the confinement and transport properties, the 

edge response, and the isotope effects in 3D equilibria 

conditions.   

The role of a helical boundary in the formation of 3D core 

equilibria in toroidal plasmas has been analyzed, focusing 

in particular on its impact on the current density profile 

through dynamo mechanisms. The results of experiments in 

RFX-mod have been compared with those recently 

performed in tokamak plasmas in hybrid regime and with 

the predictions of dedicated modelling with visco-resistive 

linear and nonlinear 3D MHD codes. Moreover, following 

the results from such MHD models, experiments have been 

performed in helical regimes stimulated by non-resonant 

magnetic perturbations.  

The experiments performed in RFP, tokamak and Ulq 

forced the development of analysis activities aimed at 

deepening the comprehension of the density limit 

phenomenon in all configurations.  

In the last experimental campaign, the first H-modes in 

shaped and circular tokamak plasmas have been obtained 

thanks to an inserted edge polarized electrode. The 

formation of an edge pedestal has been characterized by 

insertable probes.  

Based on the achievements of the last years and in order to 

extend the explored parameter range and the capability to 

contribute to the general advancement in fusion science 

some upgrades are planned, whose technical design is 

presently in the final phase and which will be also briefly 

presented.   

2. 3D effects in RFP and tokamak plasmas 

2.1. Internal transport barriers and helical state 

formation  

 In the RFP the resonant tearing modes sustaining the configuration cause field line 

reconnection and make the magnetic field stochastic. However, when a single resonant mode 

(m = 1, n = −7 in RFX-mod) dominates the spectrum of the secondary instabilities, the 

separatrix of the island associated to this mode is expelled, and the island O-point becomes the 

new single helical axis of the plasma (SHAx state).  

 
Fig. 2: From the top: Flux surface 

reconstruction for a DAx plasma; 

electron temperature profile (dots 

refer to experimental values, the 

solid line to the reconstructed Te 

profile); heat diffusivity profile 

computed by MAxS. Different 

colors refer to the various 

domains considered in the 

analysis.  
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In this condition, the effect of field stochasticity and the associated anomalous transport are 

mitigated [4,5]. In RFX-mod, SHAx plasmas feature steep electron temperature gradients, 

interpreted as internal transport barriers (ITBs). Such ITBs enclose helical thermal structures, 

which are not penetrated by (heavy and light) impurities as the result of strong outward impurity 

convection.  The experimental evidence of impurity outward convection in RFX-mod found in 

the past in Ni LBO and Ne gas puffing experiments  [6] has been confirmed by C and Li solid 

pellets experiments [7], by recent Ne doped D2 cryogenic pellet injection and also by W LBO 

injections. Similar diffusion coefficient 

and outward convection resulted from the 

impurity transport analysis of all the 

considered impurity species, without 

strong dependence on mass/charge. 

Instead, a strong convection has not been 

found for the main gas [8] and a favorable 

situation with peaked or flat density 

profiles and hollow impurity profiles is 

produced. 

In RFX-mod, the width of thermal 

structures enclosed by ITB, WTe, features 

an increasing trend with the dominant 

mode amplitude, as shown in Fig. 1. Such 

a trend is continuous and smooth even at 

the inverse saddle-node bifurcation, when 

the plasma enters the SHAx state. It has 

been recently shown that a key role on the barrier radial extension is played by the level of the 

increased stabilization of secondary modes occurring as the dominant one increases [9,10]. It is 

worth to note that this result provides positive expectations for future RFP plasmas with 

enhanced heating since secondary modes have been shown to be stabilized by increasing the 

Lundquist number, as confirmed by theoretical predictions [10,11].  

The understanding of the confining properties of the RFP configuration in the presence of one 

or several islands embedded in the main plasma, each with its own magnetic axis, requires to 

quantify to which extent the island modifies transport, i.e. the estimation of the energy and 

particle transport coefficients also inside and 

around the island.  

A fast and usual way to calculate the effective 

transport coefficients is based on well-developed 

1.5D transport codes (e.g. ASTRA, CRONOS, 

JETTO and others). However, such codes are 

applicable only for closed flux surfaces nested 

around a single axis and their application to 

situations where the magnetic resonances 

develop into islands is prevented. Recently, a 

multiple axis solver (MAxS) able to treat plasmas 

with islands in 1.5 dimensions has been 

developed, based on a Multiple Domain Scheme 

(MDS) [12]. The MAxS code has been 

successfully used to interpret RFP plasmas in 

both double axis (DAx , configuration where the 

island separatrix has not been expelled) and 

SHAx states in RFX-mod. In Fig. 2, an example 

 
Fig. 3: Top: Edge safety factor and magnetic energy 

time behaviour from 3D nonlinear MHD modeling for 

the RFP case. Bottom: Core safety factor and 

magnetic energy time trace for the tokamak case. 

 
Fig. 4:  (a) Average core Te versus the 

normalized b1,−7
 amplitude in hydrogen 

(black) and deuterium (red) plasmas. (b) 

Average energy confinement time E. 
 



5   

 

is given of the results for the heat diffusivity profile obtained for a DAx case. The code has 

been also applied to model transport properties of the Large Helical Device (LHD) and TJ-II 

Heliac plasmas [12]. 

3D nonlinear magnetofluid modelling by SpeCyl and PIXIE3D codes [11] highlights a series 

of parallelisms between the RFP and the tokamak configurations, as far as the dynamical 

evolution of helical states is studied. The first is given by the oscillatory behavior of the 

magnetic field, usually associated to the growth of plasma instabilities typically ending in a 

reconnection event where magnetic energy is converted into kinetic one, as recently 

experimentally observed [13] and shown in Fig. 3: what changes is only the shape and amplitude 

of the kink modes involved in the process. In Fig. 3, it can be noted that the release of magnetic 

energy in the RFP relaxation is one order of magnitude larger than in the tokamak, when 

considering configurations with the same core value of Bz. The corresponding oscillations in 

the core and edge q values are shown in the same figure.  

Note that in the RFP case the resonance of the mode 1/6 (non-resonant on average) is quasi-

periodically touched in the dynamical evolution. Simulations show that mitigation of 

sawtoothing activity can be observed at higher dissipation (resistive or viscous [14]) and when 

imposing a small edge helical modulations of the magnetic boundary, called magnetic 

perturbations (MPs) [15]. MPs provide sawtoothing mitigation by conveying the system to 

steady nonlinear saturation of the kink modes: the RFP becomes a global quasi-helical 

configuration while the tokamak is characterized by the presence of a stationary helical state in 

the core (snake-like) [16???  Verifica che sia giusta,17]. 3D modelling also predicts that the 

helical core distortion can redistribute the central current, thus modifying the q-profile, through 

a dynamo mechanism, which has important impact on MHD stability and confinement 

properties.  

In the RFP, in SHAx states, plasma rotation assumes a helical pattern, which, associated to the 

internal 3D field, produces an effective negative dynamo loop voltage. MHD modelling reveals 

that the helical displacement causes a modulation of the parallel current along each flux tube, 

associated to an electrostatic potential, giving rise to the observed dynamo flow [18]. This 

observation remains valid when studying helical 

states in tokamaks, in particular when the 

deformation produced by the 2/1 tearing mode and 

the internal 1/1 mode is considered. Experiments 

performed in RFX-mod tokamak plasmas 

confirmed the predictions [19]. These results have 

been proved to be relevant also for high- DIII-D 

plasmas when a helical core forms induced by an 

external n=1 MP and can explain the observed 

central current redistribution [20] 

2.2. Isotope effect on 3D plasmas 

 
Fig. 5:  Helical loss time versus secondary 

modes amplitude for standard (full symbols) 

and induced (empty symbols) helical 

deuterium (red diamonds)/ hydrogen (black 

circles) discharges. 
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Experiments have been performed to investigate the role of the ion mass Mi on plasma dynamics 

in the RFP. Interestingly, the existing main magnetic configurations are characterized by largely 

different responses to the change of the working gas. While no clear isotope effect has been 

documented in non axi-symmetric devices like stellarators [21], in tokamaks a positive isotope 

effect is experimentally observed in terms of confinement properties with increasing ion mass. 

The reduction of anomalous transport has been to our knowledge only qualitatively well 

reproduced in numerical modelling of collisional drift waves [22] and dissipative trapped 

electron modes induced 

turbulence [23], also 

considering the effect of non-

adiabatic electron response, 

electron–ion collisions and 

impurities [24].  

The RFP, indeed, allows the 

exploration of a space of 

plasma parameters 

complementary to those of 

tokamaks and stellarators and 

gives a unique possibility to 

gain more insight into the isotope effect physics, by comparing axisymmetric and helical 

equilibria. 

In the RFP, the isotope effect has been evidenced in a variety of aspects. A positive dependence 

approximately as the square root of the ion mass is found of the non collisional ion heating 

during magnetic reconnection processes in the MST device [25].  

In RFX-mod a clear isotope effect is observed on the magnetohydrodynamic properties of RFP 

plasmas by comparing hydrogen and deuterium discharges. Increasing Mi brings about a 

stabilizing effect on tearing modes, producing longer SHAx states, more monochromatic and 

more resilient to weak sawtoothing. The measured electron temperature is higher in deuterium 

than in hydrogen in a significant fraction of the plasma volume (r/a<0.9) and the energy 

confinement time scales ∼Mi0.3. The particle influx is significantly reduced and the particle 

confinement time shows a scaling ∼Mi0.45. Such effect on confinement has been mainly 

associated to the mitigation of transport at the edge, internally to the scrape-off layer where 

long range correlations have been detected [26].  

3D magnetic fields have been applied both in H and D [27]. Only a slight effect of such 

perturbations has been observed on the confinement 

properties, as shown in Fig. 4, where the core electron 

temperature Te and the estimated energy confinement 

time E are shown as a function of the normalized 

amplitude of the applied 3D field for the two isotopes. 

Such behaviour has been numerically investigated by 

the Hamiltonian guiding center code ORBIT, with 

attention to the magnetic topology in plasmas with and 

without the application of 3D fields on deuterium and 

hydrogen test ion transport. In agreement with 

experimental estimates, numerical studies show that 

particle transport is reduced in deuterium plasmas but 

not significantly affected by the application of helical 

boundary conditions. This result is summarized in Fig. 

5, where the estimated helical loss times are reported as 

 
Fig. 6: k-resolved particle flux for RFP and tokamak plasmas. Blue 

and red dots refer to data on the O- and X-point respectively. 

 
Fig. 7: Cross-correlation between 

electron pressure and local m=1 

magnetic shift at two poloidal angles 

in the RFP. A different phase relation 

between the two indicates a not pure 

m=1 pressure perturbation.  
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a function of the normalized amplitude of the secondary modes, bs/B(a). 

2.3.  3D properties of edge plasma  

 The interaction between a 3D magnetic field and the kinetic properties of the plasma edge is a 

topic of growing interest in the fusion community. The presence of magnetic islands close to 

the edge and the application of magnetic perturbations strongly modify the edge region of fusion 

experiments, impacting on the overall performance of the discharges. In particular, MPs in 

tokamaks and 

stellarators are used to 

control the plasma wall-

interaction, to reduce the 

power fluxes to the 

divertor plates, to 

mitigate or suppress 

ELMs, and for runaway 

electron control. 

However, the action of 

MPs on the edge plasma 

is far from being well 

understood, so that 

detailed studies have 

been recently performed 

aimed at the 

characterization of the kinetic response of the edge plasma to a 3D magnetic field with different 

helicity in the RFX-mod experiment, operated both in RFP and tokamak configurations to study 

plasmas in different configurations in the same device with the same diagnostics [28,29,30]. In 

the presence of rotating magnetic perturbations the measured time evolution of plasma 

parameters indicates that the profiles of electrostatic particle and energy flux mainly follow the 

symmetry of the dominant imposed perturbation. The electrostatic turbulence induced flux is 

modulated by the underlying topology, with an enhancement close to the O-point and a 

reduction at the X-point of the (spontaneous or induced) magnetic island.  

It is important to underline that this major result has been found to be independent of the adopted 

magnetic configuration: the modulation of flux profiles manifests itself with an increase around 

the O-point of the outermost resonating island and a reduction in the X-point region due to the 

fluctuation level and not to the relative phase between electron density and electric field 

fluctuations. 

In terms of transport relevant k, an analysis of the spectra of the fluxes reveals that the transport 

contribution is due to fluctuations propagating in the electron diamagnetic drift direction peaked 

at kperpi~0.1 in the RFP case and at kperpi~0.06 in the tokamak case, as is shown in Fig. 6, 

where the k-resolved spectra of the electrostatic particle flux is shown for both magnetic 

configurations.  

Moreover, for different MPs in both RFP and tokamak equilibria, the behaviour of the edge 

plasma profiles has been characterized, studying the detailed behaviour of edge floating 

potential Vf and electron pressure Pe along the poloidal direction with two diagnostics: the 

Thermal Helium Beam (THB) for Pe, and the internal array of electrostatic sensors (ISIS), 

which measures the floating potential. The refined analysis has highlighted that the edge 

properties are actually modulated by a richer spectrum, where additional harmonics on top of 

the dominant one must be taken into account for both RFP and tokamak equilibria. Especially 

along the poloidal angle, in the RFP the edge plasma has not a pure m=1 structure, since its 

modulation is due to the mutual interaction of the m=1 and m=0 modes.  

 
Fig. 8: Prad/POhm ratio as a function of normalized density: a) RFP case, 

b) Ulq plasmas. In a) black points refer to global values, red ones to 

values from a local balance along the toroidal angle.   
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An analysis of the connection length, Lcw, to the wall has shown that also this quantity does not 

exhibit a pure m=1 behaviour.  The non-genuine m=1 structure of the connection length gives 

a strong hint that Lcw controls the structure of the floating potential and of the edge electron 

pressure, which do not follow perfectly the m=1 island rotation [28]. This is visible in Fig. 7, 

where the correlation between Pe and the local magnetic shift is found to be a function of the 

poloidal angle. This result should be a caveat for MP application in tokamaks, because it shows 

that toroidal and poloidal sidebands can have a sizable effect on the kinetic response of the edge 

plasma. 

2.4. Role of the magnetic topology on the density limit 

It has been proved that the improved helical states in the RFP are observed at relatively low 

values of plasma density. A critical density value around n/nG = 0.35 (with nG = Ip/a2 the well-

known empirical Greenwald density) is 

found to be an upper limit for the 

development of the helical states [31]. The 

reasons for this n/nG limit are still under 

discussion. When the electron density further 

increases (above n/nG ~ 0.5), the density 

profile becomes hollow and a MARFE-like 

radiative poloidal structure has been 

observed.  

In [32] the results obtained in high density 

regimes in RFX-mod operated both as a 

tokamak and a RFP and in the FTU tokamak 

were compared. In FTU, the MARFE is an 

annulus of radiative-unstable plasma, which 

appears at n0 > 0.4 nG [33] as a toroidal ring, 

poloidally localized. The threshold 0.4nG is consistent with the Lispschultz scaling of the 

MARFE critical density [34]. It was also shown that such toroidal MARFE is caused by a 

reduction of parallel electron conductivity, preventing energy redistribution  along the flux 

surface, which induces the formation of local cold regions with strong line emission, on the 

high field side, where the core-originated heat flux is lower [35]. 

The scaling found in FTU is consistent with the nice, simple model proposed by Tokar [36] for 

the TEXTOR tokamak of this phenomenon, interpreted as a local imbalance between parallel 

heat diffusion and ionization/radial particle transport.   

In RFX-mod RFP plasmas, radiation comes from He-like impurity lines (mainly O and C) 

excited by low temperatures in the formed edge poloidal annulus. No evidence of strong 

recombination has been deduced from the behaviour of the ratio of the Hγ /Hα lines along the 

toroidal angle [37]. 

The symmetry of the RFP MARFE is poloidal, which is easily explained, taking into account 

that the equilibrium field is poloidal in the RFP edge. 

The MARFE in the RFP is toroidally localized and corresponds to a toroidal edge density 

accumulation strictly related to the magnetic topology, more specifically to the m=0 island 

chain resonant at the edge [32]. It has been proved, and successfully simulated via the guiding 

centre code ORBIT, that such density accumulation is due to an E×B convective cell arising as 

an ambipolar response of the plasma to the presence of the island fixed points.  

To further test the essential role of the m=0 mode on the edge density limit occurrence, Ulq 

discharges have been produced and studied in high density conditions. Indeed, the Ulq 

equilibrium mainly differs from the RFP because of the absence of any m=0 resonance in the 

plasma. The results are shown in Fig. 8, where the measured Prad/POhm values are plotted as a 

 
Fig. 9: Ion heat flux scaling as a function of the 

logarithmic ion temperature gradient (1/LTi), for 

the helical and the axisymmetric tubes. The linear 

growth rates (red) suggest the usual nonlinear 

shift, more pronounced in the axisymmetric case. 
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function of the normalized electron density. In the RFP configuration, the localized MARFE is 

present well before the average density reaches the Greenwald value, n=nG. In fact, when 

n>0.5nG, the power radiated locally inside the MARFE greatly exceeds the local input power 

(red dots in Fig.8(a)), even if globally Prad/POhm < 0.5 (open, black dots in Fig.8(a)). On the 

contrary, in Ulq discharges (see Fig.8(b)), the fraction of radiated power smoothly increases 

with n/nG, with no localized radiative structure, being Prad/POhm~0.6 when   n/nG=1.0.  

Extrapolating the curve, one can obtain the theoretical balance Prad=POhm for n/nG~1.5, which 

is a value 3 times larger than the critical value for MARFE onset in the RFP.  

2.5. 3D effects on microscale instabilities 

The formation of ITB during SHAx states in the RFP stimulated the analysis of drift instabilities 

which could be destabilized by the existence of strong gradients at the plasma boundaries. 

Microtearing modes have been studied with gyrokinetic codes, also in low-collisionality 

regimes [38,39], and experimentally observed in RFX-mod [40].  

It was also found that Trapped Electron Modes (TEM) may be driven unstable in RFP plasmas 

by density gradients much steeper than those required in tokamak plasmas, and which are found 

only at the very edge of profiles measured in the RFP 

plasmas in RFX-mod [41]. 

In the past, the stability of the ion temperature gradient 

(ITG) mode was studied in the RFP with axisymmetric 

equilibrium models and the main conclusion from 

these geometrically simplified investigations was that 

the ITG stability threshold in the RFP was larger than 

in the tokamak, typically by a factor R/a (with R the 

major radius and a the minor radius of the torus).  An 

explanation came from a detailed analysis of the 

parallel dynamics, showing a relevant Landau 

damping of the mode due to the short field connection 

length [42,43,44,45,46]. More recently, nonlinear 

simulations of ITG turbulence have been performed in order to revisit these findings. 

Turbulence induced by ITG has been investigated in the helical and axisymmetric plasma states 

of a RFP by means of gyrokinetic calculations with the massively-parallel Eulerian gyrokinetic 

code GENE [47], applied to the VMEC helical/axisymmetric RFP equilibria with the aid of the 

code GIST  [48]. The two magnetic configurations have been systematically compared, both 

linearly and nonlinearly, in order to evaluate the impact of the geometry on the instability and 

its ensuing transport, as well as on the production of zonal flows. It has been demonstrated that, 

despite its enhanced confinement, the high-current helical state features a lower ITG stability 

threshold compared to the axisymmetric state. The results are summarized in Fig. 9, where the 

estimated linear ITG growth rate and the induced ion heat flux are plotted as a function of the 

ion temperature gradient at mid radius. While the linear growth rate (dotted lines) already 

suggests a sharp distinction between the two geometries, in a nonlinear environment their 

difference is even more pronounced (solid lines). ITG turbulence is thus expected to become 

an important contributor to the total heat transport in helical states with ITB. 

2.6. Runaway mitigation through applied 3D magnetic perturbation 

The possibility to de-confine runaway electrons, RE, and prevent their acceleration to high 

energies through the application of applied MP with different modal numbers and amplitude 

has been confirmed and further analyzed in dedicated experimental campaigns in RFX-mod 

operated as a tokamak. It has been proven that the application of proper MPs is indeed  

 
Fig. 10: Gamma ray spectra w/wo MP in 

RFX-mod tokamak plasmas.  
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effective in preventing RE acceleration to very high energy, as shown in Fig. 10, where the 

normalized gamma ray spectra, measured by means of calibrated scintillators, exhibit a 

depression of the high energy component in the presence of MP. To interpret the RFX-mod 

experimental results a relativistic version of the Hamiltonian guiding center code ORBIT has 

been developed [49]. The result of the analysis is summarized in Fig. 11, where the qualitative 

agreement is shown between the experimental data about the amplitude of the Hard X-ray signal 

and the normalized variation of RE energy (∆Ek)norm from the ORBIT simulation [49] when 

various MPs are applied. Such analysis recently suggested a successful experimental campaign 

on the ASDEX-U device, where a strong reduction of the post-disruption RE beam current has 

been obtained [50].  

 

 

3. Tearing mode dynamics studies 

3.1. Locking-unlocking threshold of 

tearing mode with magnetic feedback in 

the RFP 

Tearing modes, TM, in the RFP have the 

natural tendency to lock in phase together and 

to the wall [51]. Indeed, the image currents 

induced onto the wall develop a braking 

electromagnetic torque, which stops TM in 

the laboratory frame (wall-locking) as soon as 

their amplitude at the resonant surface 

exceeds a threshold (wall-locking threshold). 

When wall-locking occurs, the radial 

magnetic field penetrates the wall at a rate 

determined by the wall time-constant. Recent 

experiments in RFP plasmas demonstrated the 

possibility to recover the fast rotation branch of 

the tearing modes by lowering the plasma 

current under a certain threshold [51] (around 

120 kA), corresponding to a low enough mode 

amplitude, and opened a new RFX-mod 

scenario characterized by the “natural” rotation 

of the dynamo modes. The experimental results, 

an example of which is given in Fig. 12, have 

been well reproduced by simulations performed 

with the validated MHD model RFXLocking 

code [51]. Such simulations demonstrate that 

the feedback action impeding the radial field 

penetration into the passive structure allows the 

recovery of the fast rotation with no hysteresis 

when reducing mode amplitude. This evidence 

changes the standard paradigm valid in the absence of feedback, which considers the transition 

from fast rotation to wall-locked condition a substantially irreversible process. A dedicated 

experimental campaign, in a wide  

 
Fig. 11: The normalized variation of RE energy 

(Ek)norm from the ORBIT simulations (squares) 

compared with a subset of the data (circles) of the  

normalized Hard X-ray amplitude evaluated as a 

function of the normalized applied magnetic 

perturbation (from [37]).  

 
Fig. 12: top) Time traces of RFP plasma 

current and amplitude of the m/n=1/-8 mode; 

bottom) spectrogram of the 1/-8 harmonic: the 

unlocking threshold is overcome at around 

90ms as indicated by the red arrow. 
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range of plasma conditions, in terms of electron density and equilibria, has shown that, in this 

new scenario, plasma flow rotation changes as well, being affected by the new magnetic 

perturbation dynamics [52]. 

It is worth to note that the results obtained in 

RFX-mod are not peculiar to the RFP, but more 

generally due to the feedback action itself on TM. 

In this sense, they are not in contradiction with 

those recently obtained in other RFPs, where TM 

locking/unlocking cycle induced by the external 

action of resonant magnetic perturbations 

exhibits hysteresis in the absence of feedback 

TM control.  

 

3.2 Avoidance of m=2, n=1 tearing mode wall-

locking with magnetic feedback 

Experiments have been performed in RFX-mod 

operated as a circular, ohmic tokamak with low 

edge safety factor, 2<q(a)<3, to further test 

sophisticated feedback algorithms for the control 

of the m=2, n=1 TM. The experiments have 

demonstrated that magnetic feedback realized by 

active saddle coils placed outside the 100ms 

time-constant copper shell  is able to push a wall 

locked m=2, n=1 mode into slow rotation with 

frequency of the order of several tens of Hertz. 

Such result has been shown to remain valid when 

replicated in DIII-D diverted, D-shaped, high-β 

plasmas, controlled by coils placed inside the 

5ms time-constant vacuum vessel [53]. 

Simulations with the RFXlocking 

electromagnetic code indicate the improved 

efficiency of the feedback control with respect to 

the feedforward one [53].  

4. Improved confinement scenario in the 

tokamak configuration  

Taking advantage of its flexible system of power 

supplies and field shaping windings, tokamak 

discharges with circular and non-circular cross 

section can be realized in RFX-mod. It is here 

worth to mention that in the future also plasmas 

with negative triangularity could be easily 

produced, which have been suggested to be of 

interest in the control of the H-mode access [54], 

and extensively studied in the TCV tokamak [55].  

Recently, the first enhanced confinement regimes have been obtained both in circular and single 

null (SN) tokamak discharges thanks to the exploitation of an insertable polarized graphite 

electrode. The electrode has been inserted with a manipulator in various positions inside the 

Last Closed Flux Surface from the lower part of the device. The applied electrode voltage 

ranged from -800V to +350V with currents up to 300A, which allowed inducing radial edge 

 
Fig. 13: Transition to high confinement 

example in shaped tokamak plasmas. a) 

applied electrode voltage and current Vel and 

Iel, respectively; b) D signals along different 

lines of sight (black and magenta refer to 

vertical lines, with an impact parameter 

=0.24on the HFS and LFS respectively, red 

curve refers to an outer vertical line of sight on 

the LFS, =0.9); c) electron density (and FB 

controlled puffing valve voltage); d) measured 

radial electric field at the edge; e) ions 

saturation current measured inside and outside 

the LFCS; f) toroidal flow velocity from CIII 

measurement. 
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electric fields of both signs. For the very first time to our knowledge, edge polarization has also 

been tested in circular q(a)<2 discharges. Both limiter and SN discharges exhibited transitions 

to high confinement when the electrode was negatively polarized with  

respect to the first wall, which allows following and 

enhancing the natural radial electric field at the plasma 

edge. An example is shown for a Single Null discharge in 

Fig.13, and a similar behavior was found for circular 

discharges. When the applied voltage Vel (panel a:black 

trace) exceeds a threshold value and the electron density is 

sufficiently high, the electrode current Iel suddenly 

decreases; D signals, measured along different lines of 

sight, abruptly decrease (b); the electron density, feedback 

controlled thanks to newly developed algorithms [56], 

increases without any puffing , and the edge toroidal 

rotation increases as well (f); the poloidal beta and the 

diamagnetic energy also increase. Transition phases can be 

characterized by a dithering behavior. During the dithering 

phases, D, Vel and Iel signals are observed to oscillate 

between the low and high confinement values consistently 

with fast sequences of L-mode to H-mode-like transitions 

and back-transitions in both circular and SN discharges. 

These strong fluctuations appear associated to the onset of 

MHD activity. The edge response to polarization has been monitored thanks to an insertable 

probe, measuring the floating potential, and the electron temperature and density on various 

radial positions. As shown in Fig. 14, the floating potential as a function of the distance from 

LCFS (indication of the radial electric field behavior) varies according to the polarization of 

the electrode and a strong electric field builds up in the few cm region within the LCFS [57,58]. 

The radial profile of saturation current, linearly depending on the electron density, steepens 

during transitions indicating that a local transport barrier is established, sustained by the 

polarized electrode [58]. Preliminary analysis of experimental data does not show clear 

evidence of the formation of electron temperature pedestal, so that, the steepened ion saturation 

profile seems to be interpreted as an indication of the formation of an electron density pedestal. 

It is thus unlikely that the observed improved confinement regime must be interpreted as in I-

mode [59,60,61]. On the other hand, no low-frequency coherent magnetic fluctuations are 

measured, which are caharacteristic features of the so-called M-mode [62]. It is interesting to 

note that, instead, various higher frequency (above 100kHz) quasi-coherent magnetic 

fluctuations have been identified, with balloning and antiballoning mode structures (for more 

details see [63]), which closely resemble those recently described in the COMPASS tokamak in 

both neutral beam injector-assisted and Ohmic H-mode phases [64]. It is worth to add that, at 

the moment, the limitation of the experimental capabilities during tokamak operations does not 

allow to make closer comparison between the long lasting improved confinement regime with 

no bursty D behaviour of RFX-mod and the quiescent H-mode   (QH mode) obtained in large 

tokamaks  as a result of increased edge particle transport due to an edge harmonic oscillation 
65.      

5. PWI interaction studies 

Plasma wall interaction studies (PWI) have been performed at RFX-mod in order to investigate 

the behaviour under high power load of graphite, with various thermal conductivity properties, 

with and without the application of tungsten films. The experimental activity was accompanied 

by dedicated modelling. Different tiles have been thus exposed to the RFX-mod plasma and 

 
Fig.14: Floating potential edge 

profiles, as a function of the 

distance from the LCFS. Colored 

areas represent electrode voltage 

and distance from LCFS, blue 

points are without electrode 

polarization.  
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tested by power loads up to tens of MW/m2, in order to assess their compatibility with machine 

operation [66]. During experiments, the materials were inspected by visible cameras and their 

surface temperature was monitored by IR cameras, the power load being reconstructed thanks 

to a dedicated code [67].  The microscopic analysis of the retrieved samples suggested that thin 

films (1-3 m) of tungsten over the same high conductivity graphite with properly smoothed 

surface can survive to the worst PWI conditions [66]. An example is shown in Fig. 15, where 

no damage of the W coating is visible after exposition to RFX-mod plasmas.   

Moreover, for the first time in RFX-mod, the 

edge transport has been analyzed and modelled 

exploiting thermography measurements, thanks 

to the IR cameras combined with an edge fluid 

code [67]. The measurements confirmed the 

presence of increased heat flux in the direction 

of the electron drift side, in agreement with 

previous RFP findings, with the interesting 

novelty of the identification of a density 

threshold above which the asymmetry 

disappears, comparable to that observed for the 

achievement of SHAx states. The modelling 

performed with the SOLEDGE2D-EIRENE 

code [68] has shown that the transport is 

drastically reduced in the SOL region compared to the edge one. The resulting very short heat 

flux decay length has important consequences on the PWI, increasing the peak power on edges 

of wall tiles as mentioned before 

6. Proposed device upgrades 

Based on the results 

here presented and  in 

order to extend the 

explored parameter 

range, some 

enhancements for the 

RFX-mod device 

(RFX-mod2 after 

upgrading) have been 

proposed and are 

presently in the final 

design phase [69,70]. These can be summarized as: 

1) upgrade of the magnetic front-end to reduce the residual magnetic chaos; 

2) change of plasma facing material (PFM) and upgrade of wall conditioning systems to 

improve density control and reduce wall recycling; 

3) installation of a 1MW neutral beam aiming at a more reliable L-H transition in Tokamak 

configuration; 

4) new/upgraded diagnostic systems to improve the understanding of plasma behaviour. 

 
Fig. 15:  Microscopic analysis of a 1m 

tungsten film on a high conductivity graphite 

tile exposed to RFX-mod plasmas. No damage 

of the metal film is seen.    

 
Fig. 16: (a) present layout of the magnetic front-end in RFX-mod; (b) new 

layout for RFX-mod2 
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A reliable RFP operation at very high current requires a reduction of the localized Plasma Wall 

Interaction (PWI) by a decrease of the non-axisymmetric deformation of the Last Closed 

Magnetic Surface (LCMS) [71]. In this respect, a significant improvement of the control of the 

magnetic boundary was achieved in RFX-mod by the Clean Mode Control algorithm [72], by 

which a reduction of the edge radial field and consequently a forced rotation of TM have been 

obtained, thus avoiding the stationary localized plasma wall interaction of the bulge produced 

by their locking in phase and to the wall. A further decrease of the residual deformation of the 

last magnetic surface still remains a crucial point to produce stable plasmas with stationary 

helical states in the 2MA range. Fig. 16a shows a sketch of the present configuration of the 

magnetic front-end in RFX-mod. It includes an Inconel vessel with a honeycomb structure 

surrounding the plasma (thickness 3.0 cm), a 0.3cm, tw≈100 ms copper shell (radius b=51.25 

cm) and a support structure (radius c=58.15 cm), the latter also supporting the control coils. 

Based on simulations by the RFXLOCKING code [73], successfully used to optimize the 

feedback parameters in RFX-mod [74,75], it has been found that the edge radial field and the 

related LCMS deformation are reduced if the plasma is moved closer to the copper shell. 

Accordingly, the new magnetic front-end will be modified as shown in Fig. 16b: the vacuum 

vessel will be removed and the copper shell will become the first conductive surface for the 

plasma. The RFXLOCKING code has been applied to quantify the effect of such change, and 

the result is shown in Fig. 17, where the 

deformation of the LCMS is compared in the two 

configurations. The calculation includes the effect 

on m=1 modes and the impact of coil sidebands on 

measurements and on plasma surface distortion is 

taken into account. The figure indicates a reduction 

of a factor about 2-3 for the LCMS deformation. 

This simulation is performed with the pessimistic 

assumption that the internal amplitude of Tearing 

Modes will remain the same as in RFX-mod.  

The new configuration will favorably impact also 

on m=0 modes: RFXLOCKING simulations 

indicate that the removal of the vacuum vessel 

leads by itself to a faster rotation of the LCMS 

bulging related to m=1 TM phase locking, which 

non-linearly interact with m=0 modes.  

In addition, the planned upgrade of the toroidal 

power supply system in terms of latency and synchronisation among different inverters by 

which it is composed will improve the effectiveness of m=0 control. 

The reduction of m=0 modes is expected to have a positive effect on the robustness of helical 

states, because when their amplitude is kept low the non-linear coupling with secondary m=1 

modes is weaker, allowing the growth of the dominant one. In addition, a better control of m=0 

modes will extend the explorable density regimes, through  a modification of the convective 

cells responsible for  localized density accumulation, as described in  the previous section 2.4. 

Finally, a better performance is expected during Pulsed Poloidal Current Drive experiments, 

which in the MST RFP allowed record values of the confinement time thanks to the suppression 

of m=0 modes [76].       

The proposed change of the conductivity of the first conducting structure from Inconel to copper 

will have favorable consequences on the range of RFP operations with spontaneously rotating 

tearing modes, up to now limited to plasma current levels below 120kA, as described in section 

3.1. In a numerical study conducted in [73] the locking threshold has been evaluated as a 

function of the conductivity of the shell located close to the plasma, with a shell to plasma 

 
Fig. 17: deformation of LCMS, with vacuum 

vessel removed (red) and in present 

configuration (black). 
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radius ratio similar to the new RFX-mod2 one (RFX-mod2 will be the RFP with the highest 

conducting stabilizing wall, similar to MST whose wall is made by Aluminum). This study 

predicts an increase of the locking threshold in terms of mode amplitude by a factor 3-5. 

Moreover, as already mentioned, a further increase of such threshold could be related to the 

decrease of mode amplitude due to the reduced shell proximity (factor 25%), leading to a new 

threshold in the range 375-625kA. 

On the basis of the analysis on PWI summarized  in section 5, for the PFC of  RFX-mod2 a 

new shaping of the tiles has been designed, featuring a reduced flat central surface connected 

by rounded surface to the edges [66]. The comparison of the effect of the new shape in terms 

of power deposition, made by a simple calculation assuming parallel flux with an exponential 

decay length of 1mm (as evaluated for RFX-mod in [67]), indicates a maximum localized power 

load on the tile which is halved with respect to the present situation. 

With regards to the first wall material, on the basis of the experimental tests mentioned in sec. 

5, extruded graphite is presently the best candidate as a new tile material, because  its 

conductivity is comparable  to the Carbon Fiber Composite (CFC) one , higher by a factor about 

3 than the present polycrystalline graphite tiles of RFX. It is cheaper than CFC, still maintaining 

suitable mechanical properties.  

In order to improve the magnetic diagnostics capability and the performances of the control 

system during tokamak operations, a new configuration of magnetic sensors is planned for 

RFX-mod2, in particular with increased number of poloidal sensors, presently limited to 4 

(toroidal) x 8 (poloidal) array of probes. Considering the presence of 28 tiles, an array of 12 

(toroidal) x 14 (poloidal) sensors is foreseen as the minimum requirement for a measurement-

based and reliable equilibrium reconstruction. This magnetic diagnostic improvement will 

allow a strong enhancement in the control of magnetic equilibrium and plasma shape, thus 

increasing the flexibility in the position of the Xpoint [77,78]; also negative triangularity shaping 

will be tested, as anticipated in section 4.  

In tokamak configuration, the RFX-mod MHD active control system offers the opportunity for 

ELM mitigation and edge transport control experiments by means of RMP techniques, easily 

testing a variety of mode control strategies in H-mode.  

To allow reliable ELMy H-mode operations, an NBI system, available at RFX (25 keV, 50 A) 

and originally developed at AIST (Japan) will be installed. The duration of the beam pulse, 

when operated at 25 keV, is limited to 30ms, which should be sufficient to induce the L-H 

transition, but could be short to perform RMP experiments for ELM control. However, if 

operated at 15 keV the pulse duration can be extended to 100 ms. Simulations by the METIS 

code with beam energy of 15 keV have shown that in the density parameter range of RFX-mod 

tokamak the losses (shine-through + orbit losses) are below 50% and scenarios with enhanced 

temperature and Ti/Te > 1 can be explored [79]. Indeed, according to the international tokamak 

scaling the power threshold for a RFX-mod single-null plasma is about 0.1-0.2 MW, 

comparable with the ohmic power. The injection of the beam is therefore important to make the 

transition easier and more robust.  

In addition to the upgrade of the magnetic sensor system, several new/upgraded diagnostics 

will be installed, to improve the understanding of the plasma behaviour and to test advanced 

systems providing information for applications to future devices. Among them, a new 

reflectometry system has been designed, based on three reflectometers located in three poloidal 

positions at the same toroidal angle: two on the equatorial plane, on the Low Field Side (LFS) 

and on the High Field Side (HFS), the third one on the upper side. In RFP, working in the O-

mode, the covered density range is 3-8 x 1018m-3, allowing detailed measurements of the edge 

density profile and, in particular, a direct probing of the HFS/LFS asymmetries and a deeper 

characterization of the m=0 islands. In tokamak configuration, the upper X-mode cutoff 

frequency will be exploited to probe the edge density both on the HFS and on the LFS; this 



16   

 

condition is also suitable for measurements in the upper position. Main aim of the diagnostic is 

in this case the real-time control of plasma position, which is a critical issue for future devices, 

where the use of magnetic sensors will be limited by high neutron fluxes.  

 

7. Summary and perspectives 

In the last two years the versatile RFX-mod device has been operated both as a RFP, progressing 

the understanding of the potentialities of this configuration, and as a tokamak, circular and 

shaped, exploring also the q(a)<2 regimes and exploiting the advanced control system for 

topical studies on instability mitigation by MPs. Axisymmetric and 3D helically shaped 

equilibria effects have been studied, the latter both spontaneous, as those obtained during SHAx 

states in high current RFP plasmas, and externally induced through the application of a large 

variety of feedback controlled magnetic perturbations.  

This variety of experimental conditions allowed advancing in the understanding of the helical 

states with the associated transport barriers, a complete characterization of the helical edge 

properties of such plasmas and new studies of 3D effects on heat and particle fluxes associated 

to electrostatic turbulence. A more detailed analysis of the role of the majority ion mass impact 

on plasma performance and confinement has been performed, highlighting a 30% increase of 

the confinement time in Deuterium with respect to Hydrogen.   

The characterization of the relation between magnetic topology and the density limit 

phenomenon has been advanced, exploiting the opportunity of producing q(a) ≥ 0 plasmas. The 

analysis confirms the role of the m=0 chain in producing the radiative MARFE, which is no 

more observed when the m=0 resonance is pushed out of the plasma. 

Tearing mode control studies have extended the potentiality of the feedback control to avoid 

dangerous 2/1 locking in tokamak plasmas and the possibility to recover the fast rotation branch 

also in low current RFP discharges. Suitable controlled magnetic perturbations proved to be 

effective in preventing runaway electron acceleration.  

The first transitions to high-confinement regimes have been obtained thanks to an inserted 

polarized electrode in both circular and D-shaped tokamak plasmas. The formation of an edge 

transport barrier is monitored with edge insertable probes.  

The experimental activity has been supported and stimulated by intense modelling with 3D 

nonlinear MHD, gyrokinetic, guiding center, transport and edge codes.  

Based on the results, in order to extend the explored operational scenarios, some upgrade, not 

involving radical machine modifications, will be implemented, whose motivations can be 

summarized: 

- reduction of residual magnetic chaos and achievement of more robust helical states by 

means of a different magnetic front-end with increased plasma-shell proximity 

- improvement of density control and extension of high density regimes by means of 

plasma facing components optimization 

- transition to H-mode in tokamak configuration by means of a better control of plasma 

shape (increased poloidal sensor number) and of the installation of a 1MW Neutral Beam 

Injector 

- more effective characterization of both RFP and tokamak plasmas with innovative or 

improved diagnostic systems. 
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