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Abstract
The RFX-mod2 installation is planned to be completed by 2024 and the start of operations is
expected in 2025. The high flexibility of the machine (already tested in the previous RFX-mod
experiment) allows operation in Reversed Field Pinch and tokamak configuration as well as
ultra-low q pulses. In this work we present predictive analysis on transport, performances and
plasma control in RFX-mod2 in view of the first experimental campaigns.
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(Some figures may appear in colour only in the online journal)

1. Introduction

RFX-mod2 [1] originates from the modification of the former
RFX-mod machine design in order to reduce the plasma-
shell distance (b/a from 0.51 m/0.459 m = 1.11 for RFX-
mod to 0.51 m/0.49 m = 1.04 for RFX-mod2, where b and
a are the shell and first wall minor radius, respectively) and
remove the highly resistive Inconel vessel, deemed respons-
ible of a very low wall-locking threshold for tearing modes
(TMs) [1]. RFX-mod operated between 2004 and 2015, being
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itself a modified version of the original Reversed Field eXper-
iment (RFX, 1992–1999). The new RFX-mod2 experiment is
presently being assembled [2] and is expected to start opera-
tion in 2025. Like RFX-mod, thanks to the high flexibility of
its power supplies the machine will operate both in tokamak
and Reversed Field Pinch (RFP) configuration as well as pro-
ducing ultra-low q plasmas [3, 4]. In this respect, the machine
will also benefit from a largely improved and extended set of
diagnostics [5] that will allow a better analysis of experiments
in all magnetic configurations, with a significant improvement
for tokamak plasmas.

Given the design of the new copper shell, we expect that
error fields due to passive structures and the amplitude of
MHD modes in the RFP configuration will be reduced [1].
This will open new operational scenarios (e.g. spontaneous
mode rotation at higher plasma current and further reduction of
plasma wall interaction) with improved plasma performance.
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As for tokamak plasmas, dedicated campaigns will focus on
shaped plasmas both in positive (already started in RFX-mod)
and negative (completely new operation) triangularity.

In view of the restart of the operations new tools for plasma
control (TMs and RWM modes) are in preparation exploiting
the upgraded system of magnetic sensors. At the same time
predictive studies are being carried out in order to investig-
ate the achievable plasma scenarios in terms of magnetic field
fluctuations amplitude, equilibrium configuration, particle and
temperature profiles with related transport.

A standardization of some key numerical tools is ongo-
ing including the equilibrium representation (EQDSK files are
available both for tokamak and RFP equilibria) that is the basis
for all analyses on experimental data (a description of the equi-
librium reconstruction procedure can be found in [6] and [7]).
The installation of the IMAS infrastructure for data access to
RFX-mod2 pulse file is also being considered. These activities
are aimed at easing the participation of a broader community
of researchers to the RFX-mod2 experimental programme.

The scientific programme of the renewed facility when
operated as a RFP includes the advancement of experiments,
preliminarily done on RFX-mod, involving stimulated helical
regimes [8] (3D equilibria with a helical core associated to
the dominant mode in the magnetic fluctuations spectrum)
based on the application of magnetic perturbations (MPs) to
select the helical pitch (mode feedback control with non-
zero reference) of the resulting QSH (Quasi Single Helicity
3D equilibrium) states. Indeed, a favourable action of MP
is expected on the basis of 3D nonlinear MHD simulations,
indicating a reduction of secondary mode amplitudes, and an
increase of the ratio dominant/secondary modes, consistently
with a favourable plasma–wall proximity [9, 10]. In particu-
lar, simulations show a more efficient magnetic chaos heal-
ing effect occurring in QSH regimes based on non-resonant
MPs [11].

RFX-mod2 [12] is now in its final assembling phase, and in
this paper we present some scenario studies to be used for ref-
erence of the first experimental campaign of the new machine.
In section 2 we show studies of transport properties with a
focus on RFP plasmas, followed in section 3 by the analysis
of stability and control tools for both RFP and tokamak con-
figurations. Section 4 is dedicated to shaped tokamak studies
and some final remarks are given in section 5.

2. Transport analysis

It is expected that RFX-mod2 in the RFP configuration will
show helical equilibria associated to internal transport barri-
ers and a dominant mode in the spectrum of low (m,n) mag-
netic fluctuations (see figure 8(a) for an example of the res-
ulting flux surfaces). These states, produced in RFX-mod for
the first time (with the (1,7) as dominant mode corresponding
to the innermost resonant TM), were then observed in all RFP
experiments [7, 13, 14]. In RFX-mod2, due to the modified
plasma-shell proximity, we expect a favourable trend com-
pared to RFX-mod in terms of transport properties as shown
in [15] (the results are presented in figure 1(a) showing the

diffusion coefficient as a function of the ratio between the
amplitude of secondary and dominant modes as measured at
the edge) and reconnection events effects [16, 17] as numer-
ical MHD analyses show a lower level of MPs (figure 1(b))
reducing the plasma shell distance with possibly an increase
in the ratio between dominant and secondary modes. This is
quite a promising result, given the fact that residual stochasti-
city in helical states still plays a crucial role in the barrier
formation [18].

In terms of transport mechanisms in RFX-mod two can-
didates were considered as mainly responsible for the energy
transport at the internal barrier: secondary TMs and micro-
TMs [18, 19]. To study and model these mechanisms, RFX-
mod2 synthetic helical equilibria were produced based on
RFX-mod pulses but using the actual geometry of the new
machine (i.e. larger minor radius from 0.459 m to 0.491 m).
Based on these equilibria the ASTRA [20] and ORBIT [21]
codes are used to study transport.

The ASTRA code is run in predictive mode, providing
the diffusivities, given the expected fluctuation reduction (see
figure 1) and computing the resulting kinetic profiles. Different
values of transport coefficients are tested to consider the con-
fidence interval on the extrapolation to regimes not obtained
in RFX-mod.

The ORBIT code is used to estimate the expected particle
diffusion for the new experiment and to obtain an indirect
estimate of the energy transport in the assumption of a dom-
inant chaotic mechanism. To this end, the expected level of
magnetic field fluctuations is used as input information for the
code as described below.

In the ASTRA modelling a 1.5D transport analysis is done
considering the actual metrics of the equilibrium (helical flux
surfaces). As in [15] the basic assumptions in the core are a dif-
fusion coefficient associated to magnetic fluctuations [22] and
a pinch velocity (outward) combining the contributions from
the E × B drift and the ambipolar electric field (linked to T i

and its gradient). As for the RFX-mod edge region, transport
was found to be dominated by electrostatic phenomena and
we retain this assumption also in RFX-mod2. In figure 2(a)
we plot the density profile obtained from the analysis of a syn-
thetic RFX-mod2 pulse and the profiles obtained scaling the
stochastic part of the particle diffusion coefficients by a factor
0.75 and 0.5, shown in panel (c) (this corresponds to a scaling
with the amplitude ofmagnetic fluctuations) and scaling by the
same factor also the energy diffusion coefficient. The so called
‘experimental diffusivities’ shown in figure 2(c) are the RFX-
mod diffusivities mapped on the RFX-mod2 geometry. The
assumption of reducing the magnetic diffusion coefficients on
the whole radius and not only in the proximity of the transport
barrier reflects the expected global healing of magnetic chaos
responsible for core transport due to a generalized reduction of
the amplitude of the magnetic spectrum (i.e. reduction of both
dominant and secondary modes). It is interesting to note the
peaking of the density profiles in the case corresponding to the
higher reduction factor (green line in figure 2(a)). Density pro-
files still retain the usual peak at the edge that comes from the
combined effect of pinch velocity and transport processes at
the edge. The temperature profiles (figure 2(b)) show a similar
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Figure 1. (a) Specific diffusivity (D
∗
= D/vi,th) as a function of relative magnetic fluctuations amplitude (ratio of the amplitude of

secondary modes over dominant mode). (b) Average normalized mode energy as a function of shell proximity (MHD simulations).

Figure 2. MHD perturbation scaling and ASTRA results: (a) plasma density, (b) temperature profiles, (c) particle diffusion coefficient, (d)
influxes scaling simulations using as reference diffusion coefficients scaled by 75% (see red profiles). ρH is the radial flux coordinate of the
corresponding equilibrium as in [15].

trend: the reduced transport cases are associated to higher tem-
peratures. This is obtained despite the higher density level
and the fact that the input power is kept constant in the sim-
ulations. Indeed the reduced transport by a factor 0.75 res-
ults in a 36% increase in the total stored energy, while the
case with the halved diffusivities shows a 118% stored energy
increase.

Since for RFX-mod2we expect lower error fields andMHD
mode amplitudes and therefore a reduced plasma–wall inter-
action (PWI), we also tested the effect of a reduced level of
influxes with ASTRA. For this analysis the starting configur-
ation corresponds to the one with diffusion coefficients scaled
by a factor 0.75. As shown in figure 2(d) given the reduced
amplitude of the particle source the main effect is a down

scaling of profiles keeping an almost unchanged shape: the
lower density associated to reduced influxes enables a slightly
deeper penetration of the particle source which only margin-
ally moves the peak of the density inward. The minimal sens-
itivity of the shape of the density profile to the particle source
penetration is a clear indication that the shape of the density
profile is largely driven by transport processes. This is some-
how expected since this behaviour was observed also in RFX-
mod, i.e. kinetic profiles are defined essentially by transport
processes. It is to note that this is a sort of test case analysis
as in principle lower influxes may lead to lower edge density
which can change the picture of transport at the edge (e.g. lar-
ger edge structures could develop): this will be part of actual
experiments. To explore such dependencies, we have already
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Figure 3. ASTRA analysis scaling electrostatic transport coefficients (DE and χE) taking as reference the RFX-mod2 case with D and χ
scaled by 75% (see figure 2). (a) Plasma density, (b) temperature profiles, (c) particle diffusion coefficient, (d) energy diffusion coefficient.
ρH is the radial flux coordinate of the corresponding equilibrium as in [15].

tested the sensitivity of the scenario scanning the edge trans-
port level.

Indeed, the improvedmagnetic boundary foreseen on RFX-
mod2might have an impact as well on edge electrostatic trans-
port: despite the high level of magnetic fluctuations, a relevant
fraction of particle and energy transport in a RFP can still be
ascribed to general convective filamentary transport [23–26].
The reduced MP at the edge is likely to cause a corresponding
reduction of the plasma wall interaction and thus less dense
boundary plasmas. This would imply a reduction of the edge
collisionality which will likely induce a reduction of edge tur-
bulence: this is similar to what is observed in tokamaks and
reported in [27]. Furthermore, the reduced PWI might have an
impact as well on the edge neutral population and ultimately
on the edge perpendicular flow with a possible increase of the
E× B shear with a corresponding further increase of the ωE×B

damping effect on edge turbulence. Thus, despite the general
lack of proper modelling of electrostatic turbulence in the edge
of the RFP, a reduction of the convective filamentary contribu-
tion to edge particle and energy transport might be envisaged
in RFX-mod2.

Given these assumptions, we analysed some ASTRA runs
scaling down the electrostatic diffusion coefficient (i.e. redu-
cing diffusion only in the edge region where this mechanism is
acting) both for particle (DE) and heat (χE): we take as refer-
ence the simulation with the magnetic diffusivity scaled down
by a factor 0.75 and with a particle influx reduced at 75%
(see dashed line in figure 2(d)). The reduced edge transport

coefficients are shown in figure 3 (panels (c) and (d)) where
the 90% and 70% reduction are applied. The effect on the
whole diffusivity profiles can appear small but, since, in par-
ticular, the particle source is located at ρt = [0.9–1.0], such
small modification provides a large effect on the density pro-
file, with density increasing as De decreases. In these cases Te

decreases while density increases (see figure 3 panels (a) and
(b)) because of the constant input power assumption. Only the
edge gradient increases asχE decreases, but such enhancement
does not propagate towards the core. The total stored energy
increases respectively by 6% and 22% with respect to the ref-
erence case.

In the ASTRA simulations magnetic chaos enters indirectly
through a stochastic diffusion coefficient but local magnetic
field topology is not taken into account. The diffusion coef-
ficient can be directly computed from magnetic fluctuations
[22]. As already stated, we actually used the parametric
dependence found in [15], which gives not only the trend, but
also the absolute expected absolute value. This is not the case
for the ORBIT code [21] (a Hamiltonian guiding centre code)
where in order to study particle transport the full 3D topo-
logy of the magnetic field is required and considered: to this
end along with the equilibrium magnetic field, also profiles of
the eigenfunctions of magnetic fluctuations were modelled for
RFX-mod2 by scaling the RFX-mod profiles to the expected
amplitude for the new machine. An example of Poincaré tor-
oidal map obtained by ORBIT is shown in figures 4(a) and
(b) with the full plasma domain and a zoom in the edge zone
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Figure 4. Poincaré maps from ORBIT (ζ is the Boozer toroidal angle and r the radial coordinate): left full radius, right zoom of plasma
edge. (a), (b) Reference scenario; (c), (d) scaling of magnetic fluctuations by a factor 0.7; (e), (f ) scaling of magnetic fluctuation according
to spectrum A1; (g), (h) scaling of magnetic fluctuation according to spectrum A2.

respectively. Conservedmagnetic surfaces with the periodicity
of the dominant mode (m = 1, n = 7) appear close to the core
surrounded by a partial chaotic field. In these plots the recon-
struction of the field map has been performed considering the
eigenfunctions of a reference past discharge at Ip = 1.5 MA

during a QSH phase. No scaling of the mode amplitude has
been performed, the equilibrium and the perturbations have
only been adapted to the RFX-mod2 minor radius.

To evaluate the transport properties in this magnetic topo-
logy, ORBIT runs have been executed by using monoenergetic
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Figure 5. Particle diffusion coefficient (D) from ORBIT
simulations considering different scaling of MHD perturbations.
Shaded regions represent the range of values for the diffusion
coefficient in the core region inside the transport barrier.

test particles subject to energy-conserving classical and pitch-
angle collisions with a plasma background at the same tem-
perature (assuming T i = 0.7 × Te). Test electrons and ions
are deposited in the region of interest with uniform pitch and
their motion is integrated unless they reach a prescribed loss
helical surface; they are then injected back in the helical axis
position, in such a way to keep constant the particles number
during the whole simulation, which lasts until a spatial station-
ary distribution of particles is reached. As described in [28,
29] from the outgoing flux of particles and from the gradient
of their final distribution is easy to evaluate the corresponding
local diffusion coefficient D. As reported in [30], an estimate
of the ambipolar diffusion coefficient is obtained by the geo-
metric average of the ion and electrons ones. The procedure
just described has been applied to two regions: one near the
top of the electron temperature gradient (edge of the helical
core) and one at mid-radius (the chaotic region).

Following what was done in the analysis with ASTRA,
the different estimates (for central and mid-radius) were com-
puted also scaling the whole spectrum of secondary modes by
a factor 0.7 and 0.5while keeping constant the amplitude of the
dominant mode (magnetic chaos is still present). The Poincaré
maps corresponding to the 0.7 scaling are shown in figures 4(c)
and (d), note that the reduced stochasticity allows other small
conserved structures to appear around the one relative to the
dominant mode. These structures are generated through non-
linear secondary interaction between themodes included in the
ORBIT simulation and though small they can affect transport.

The diffusion coefficients obtained by ORBIT are repor-
ted in figure 5 where stars represent the estimate at the top
of the transport barrier while diamonds represent an estimate
at mid-radius where a chaotic region is still present. The res-
ults show a trend similar to ASTRA with a significant reduc-
tion of particle transport expected in RFX-mod2, thanks to
the reduced level of magnetic fluctuations. As a reference in
the plot, we show also the ideal case of a pure single heli-
city state where neoclassical effects dominate in the transport
mechanisms (no mid-radius estimate is shown for this case

since no chaotic region is present given that flux surfaces are
preserved). The grey shaded regions in figure 5 represent the
range of values computed for the diffusion coefficient in the
core region inside the internal transport barrier (i.e. the top of
electron temperature gradient): transport reduces as particles
move further into the core of the plasma from the transport
barrier.

In the case of ORBIT analysis, as an additional test, instead
of scaling each mode by a constant factor we also considered
two spectra as estimated from stability evaluations (and corres-
ponding growth rates for the TMs) expected for RFX-mod2
considering two extreme hypotheses for the current density
profile, given the change in the shell proximity. We refer to
the first spectrum as A1 (broad current density profile, similar
to RFX-mod) obtained with a shape factor e(7−n)/12 for m= 1
modes and a constant scaling factor 0.5 for m = 0 modes, and
spectrum A2 (peaked current density profile) obtained with a
shape factor e(13−n)/6 for m = 1 modes and a constant scal-
ing factor 0.35 for m = 0 modes. Poincaré maps correspond-
ing to these scenarios are reported in figures 4(e)–(f ) and (g)–
(h) respectively. It is worth to note that while the edge region
is clearly modified by the scaling of secondary modes, the
changes in the core topology are less evident andmore difficult
to be appreciated without performing transport simulations.

As reported in figure 5, indeed, in these examples we see an
improvement in particle confinement affectingmostly the edge
(diamonds in figure 5) but overall also the core (see shaded
regions figure 5). The effect is more pronounced for spec-
trum A1 where the amplitude of all the modes decreases with
respect to RFX-mod. On the other hand for spectrum A2 the
innermost modes actually increase and only secondary modes
are reduced. This result can be taken as a qualitative indic-
ation of a possible range of variations for RFX-mod2, since
the scaling factor (be it equal for the whole spectrum or dif-
ferent for each mode) is applied to the whole radial profile of
each eigenfunction and this might not be correct for the new
machine with the shell closer to the plasma.

Summarizing, both analyses (with ASTRA and ORBIT) do
show a reduction in the expected particle transport for RFX-
mod2 though using different approaches and internal assump-
tions: ASTRA is more sensitive to kinetic profiles (i.e. gradi-
ents), while ORBIT is probing confinement properties of the
magnetic field structure.

As stated above, at the plasma edge a transport mech-
anism different from magnetic chaos is at play and it is
likely to be ruled by coherent pressure structures (blobs) [31].
Consistently, both modelling and observation of magnetic data
show that local topology is modified by the existence of a
q = 0 resonance (in the RFP the safety factor q changes sign
at plasma edge) and the corresponding toroidal chain ofm= 0
islands, both in multiple helicity [32] and in helical [33] states.
Also in the plasma external region (about 10% of the minor
radius) stochastic transport is suppressed thanks to the local
reduction of the m = 1 TM amplitude. This strongly affects
PWI leading to a favourable extrapolation for RFX-mod2. In
fact in the original RFX machine [34] (then modified and
renamed RFX-mod [35]) PWI was dominated by the locking
in phase of them= 1 TMs (lockedmode, LM) and 50% (about
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Figure 6. Camera image of the first wall for a pulse of RFX-mod
(a). Local plasma deformation (∆) associated to the dominant
helicity (red) and secondary modes (black) for RFX-mod (b) and
RFX-mod2 (c). Particle influxes as a function of the local plasma
deformation due to dominant (∆dom) and secondary (∆sec) magnetic
field modes (d).

80–100 MW m−3) of the radiated power was lost at the LM
[36]. In the RFX-mod machine [35], where a better control
of MPs was available, PWI was not anymore dominated by
the m = 1 LM which in this case was only responsible for
about 18% of the total radiated power (with maximum values
of 10 MW m−3) [37]. Simulations of connection length with
ORBIT highlight the role of (m = 0, n = 7) islands (produced
by the dominantm= 1 helicity through toroidal coupling [33])
which become comparable to the LMwith power spread over a
larger surface [38, 39]. In figure 6(a) we show a camera image
of the RFX-mod first wall that can be correlated with the map
of the connection length from ORBIT highlighting the com-
bined effect of m = 0 and m = 1 modes in defining the two
hot spots (regions marked respectively LMQSH and LMMH in
figure 6(a)). These results and ORBIT modelling [37] suggest
a further decrease of PWI for RFX-mod2: the LM should dis-
appear altogether and PWI should be dominated by m = 0
islands associated with the dominant helicity (figures 6(b) and
(c)) with an estimated increase of the connection length by a
factor 8.

In this respect, the correlation between the level of influxes
and local plasma deformation (i.e. PWI) is shown in figure 6(d)
where we present the effect of the two contributionsmentioned

Figure 7. (a) Influxes as a function of total plasma deformation ∆;
(b) scaling of the connection length (computed with the ORBIT
code) as a function of total plasma deformation ∆. Red dashed lines
provide an indication of an exponential trend.

above (locked mode and dominant mode): in either case
(QSH plasmas marked LMQSH and MH locked mode plasmas
marked LMMH) the reduction of the level of fluctuations leads
to reduced particle influxes with the beneficial effects shown
with ASTRA modelling in figures 2 and 3.

As a general remark (see figure 7(a)), a trend of the influxes
(Γ) as a function of the total plasma deformation (∆ in cm)
can be described with the scaling Γ = Γ0 × exp(∆/0.95) with
Γ0 = 1021.6 m2 s−1, i.e. a reduction of the influxes by an
order of magnitude every 2 cm of total shift reduction. This
value (one order of magnitude) is the influx reduction which
is expected in RFX-mod2.

The reduction can be estimated also in an independent way,
by using the ORBIT code. We calculate the connection length
to the wall by averaging the parallel length travelled along
a bundle of 1000 field lines, all initiated at the same point
on the equatorial plane. The simulation settings are those of
RFX-mod, and they are the same as those used to produce
figures 12(a) and (b) in [37]. In that paper, it was shown
that the connection length Lc,w follows a clear n = 7 pat-
tern, with a minimum in the region of the phase locking of
the secondary modes. Since the ideal displacement ∆ shows
the same n = 7 pattern superposed to the displacement of the
locked mode, it is natural to plot the connection length as a
function of ∆.

This is shown in figure 7(b): the connection length follows
a trend that we can represent with an exponential depend-
ence as a function of ∆, namely Lc,w = L0 × exp(∆/∆0), with
L0 ≈ 8.6 m and ∆0 = 0.25 cm. It is worth noting that connec-
tion length and influxes (figure 7(a)) follow a similar exponen-
tial dependence, though with a different characteristic (sheath)
length ∆0 (0.95 cm). This is not surprising, since the con-
nection length is directly linked to the (outward) particle flux
through Γ = ni × ∆ × vth/Lc,w with ni the ion density and vth
the thermal velocity, and the influx is in turn proportional to
the outward flux of particles hitting the wall.

In this way, the change in connection length expected in
RFX-mod2 can be taken as a proxy of the change in influxes:
in [37] it was already estimated a change of a factor≈8 in Lc,w,
which is also the expected change in influx calculated with
ORBIT. This number is consistent with the result mentioned

7
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(a) (b) (c)

Figure 8. (a) Flux surfaces section (ϕ = 0) for the VMEC equilibrium of figure 2, with the surface s = ψt/ψt,edge = 0.5 (in blue)
corresponding to the mid electron temperature barrier. (b) Pressure profiles for the three cases obtained with the rescaled transport
coefficients. (c) Corresponding linear GENE calculations of the growth rate γ as a function of the wavenumber kyρi at s = 0.5.

above estimated from the fit of the influxes as a function of the
total plasma deformation based on RFX-mod data.

For the three cases shown in figure 2, resulting from
ASTRA simulations with nominal and rescaled transport
coefficients, we have investigated the occurrence of micro-
instabilities in the region of the electron temperature barrier
with the gyrokinetic code GENE [40]. For this purpose we
have first extended the RFX-modwall to a= 0.491m and built
the corresponding VMEC [41] equilibria with (m, n) = (1,7)
helicity, simply increasing the plasma volume and toroidal
flux, and assuming the same q profile. A force-free approxim-
ation is assumed, thus forcing the same magnetic equilibrium
for the three cases with different pressure, see figures 8(a)–(c).
In the figure, the surface s = ψt/ψt,edge = 0.5 (highlighted in
blue) is the radial position where the logarithmic gradient of
the electron temperature 1/LTe =−Te−1/dTe/ds1/2 reaches
its maximum, 1/LTe ∼ 4, very similar for the three cases and
only slightly decreasing for the profiles with reduced D and χ
coefficients—from 100% to 50%. On the other hand, even if
the density profiles remain rather flat, their logarithmic gradi-
ent increases when D and χ are lowered, reaching the value
1/Lne ∼ 0.1 for the case ‘50% Dexp, χexp’. As a result, the
ratio ηe = Lne/LTe decreases for reduced global transport coef-
ficients. At the same time, the pressure increases everywhere,
bringing to higher local values of β. As is known, the two para-
meters ηe and β have important implications on electrostatic
and electromagnetic instabilities and turbulence.

Following the procedure described in [42], we have applied
the geometric interface code GIST [43] to one of the two
stellarator-symmetric flux tubes, in particular the tube origin-
ating from the outboard midplane at ϕ = 0. On the basis of
the study carried out in [42], this choice does not modify our
conclusions, as similar growth rates and turbulence levels are
expected to take place for the two opposite flux tubes, see [44]
for further details on this argument.

For the case with the nominal values of the transport coef-
ficients Dexp and χexp, the most unstable modes are microtear-
ing modes (MTMs) for kyρi < 1 and electron-temperature-
gradient (ETG) modes for kyρi > 1, which appear as distinct
branches in the linear spectrum. This is in agreement with the
results reported in [42], where these two instabilities are found

to characterize several helical states in the RFX-mod data-
base. For the cases with decreased global coefficients D and
χ, the MTM growth rates and wavenumbers increase signi-
ficantly due to large local increase of the plasma β, while the
ETG growth rates decrease, due to the reduction of ηe. The two
branches now overlap in a large part of the linear spectrum.

The reduction of the global D and χ coefficients thus
provides scenarios with higher and more peaked density pro-
files, which imply larger MTM and lower ETG growth rates.
These two instabilities mainly impact the electron heat trans-
port, the former being electromagnetic in nature and caus-
ing heat transport at ρi-scales through small scale magnetic
stochasticity, the latter being electrostatic, mainly active at
ρe-scales. The interaction between MTM and ETG turbu-
lence is a multiscale problem, addressed in previous works
only in axisymmetric geometry, which is expected to cause
MTM turbulence to be suppressed by ETG modes due to the
breaking of current sheets by small-scale E × B flows [45],
and a simultaneous suppression of the ρe-scale heat fluxes
by large/intermediate-scale zonal flows induced by MTM
turbulence [46]. The consequent reduction of the total electron
heat flux via cross-scale interaction is further discussed in [47].
In our case, the mutual interaction between MTM and ETG
turbulence is expected to be enhanced at higher and peaked
density, in the cases with low D and χ coefficients. However,
the possible reduction of the total electron heat flux should
be verified and quantified through computationally expensive
multiscale simulations, also including the 3D geometry of the
equilibria.

3. Plasma control and stability

RFX-mod performed state-of-the-art mode control experi-
ments thanks to its flexible MHD control system [48]. In the
RFX-mod2 device, the control of MHD modes (TMs and res-
istive wall modes (RWMs)) on the one hand will be facil-
itated by the smaller plasma-shell distance but on the other
hand the new front-end structure could result in a destabiliz-
ing effect. The upgraded MHD plasma control system will be
crucial to the experiments and the ongoing predictive analyses
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Figure 9. Stability scan of the ideal kink without a wall (blue and green) and with an ideal wall (red and cyan) for a circular tokamak and a
DEMO-like D-shaped tokamak. We show q profiles for both cases and for comparison also a typical RFP q profile (the radial coordinate is
the square root of the poloidal flux).

will provide important information to prepare the experimental
programme.

The control system is undergoing a new design as mag-
netic diagnostics on RFX-mod2 have been largely extended
[49] in both spatial and time resolution: the saddle loops and
pick-up coils for MHD mode activity detection and feedback
control, are now 8 × 72 (from 4 × 48, poloidal by toroidal
direction), with a bandwidth increased to 200 kHz from the
previous 2 kHz.

A modelling framework has been implemented, includ-
ing the updated saddle coil geometry and new tri-axial pick-
up probes, based on the MARS-F linear resistive MHD code
[50]. This code is also used to assess the preliminary sta-
bility boundaries foreseen in RFX-mod2 Tokamak plasmas
[51], while an investigation of ideal and resistive stability in
RFP configurations is presently ongoing. The analysis scheme
requires as a first step the representation of equilibria with
the CHEASE equilibrium code [52] that was revamped in
order to model also RFP equilibria and takes advantage of the
EQDSK representation of equilibria computed for RFX-mod
from experimental data and for RFX-mod2 as synthetic cases.

For the latter case the (m = 1, n = 6) RWM was ana-
lysed estimating its growth rate as a function of shell prox-
imity. The additional goal is to provide a comparison between
RFX-mod and RFX-mod2 in order to understand if a higher
level of flexibility can be reached in the new machine in
terms of plasma shaping and control. As observed in trans-
port modelling, the new machine is expected to improve also
in terms of RWM control. Starting from a no-wall condition
the growth rate γ(m,n) of some external kink modes is sig-
nificant: (γτA)1,6 = 0.68, (γτA)1,5 = 0.91, (γτA)1,4 = 0.98
(τA is the Alfvén time). Adding the resistive wall (we
focus on the n = 6 mode) drastically reduces the growth
rates down to the RWM regime (γτW ∼ 1): for RFX-mod
(γτA)1,6 = 2.6× 10−4 (as experimentally observed). A further
reduction to (γτA)1,6 = 1.7× 10−4 is expected for RFX-mod2.

In the tokamak configuration, given the flexibility of RFX-
mod2 in shaping tokamak plasmas and being the optimiza-
tion of plasma shape in terms of its stability one of the major
goals of the future experimental campaign, we investigated
the stability of the n = 1 ideal kink as well as n = 1 TMs
for two tokamak scenarios: a circular cross section plasma

and a DEMO-like D-shaped plasma [53]. We note that in this
study plasma current is assumed constant along the pressure
scan, allowing global conservation of the safety factor as well
(within acceptable limits). The q profile for the two configura-
tions is shown in figure 9 compared to a typical profile for the
RFP.

As for the ideal kink, (figure 9) we see that considering a
target βN ∼ 0.75 the configuration is safely stable to pressure
driven external kink ideal modes (we can still encounter the
internal kink associated to sawtoothing activity). It is to note
that compared to the circular cross-section, the shaped equi-
librium has lower no-wall as well as ideal-wall stability limits,
and a considerably narrower wall-stabilized region.

For both plasmas (circular and D-shaped) we find that TMs
are unstable and in particular for the analysed equilibria we
find a dominant eigenfunction at the q = 2 resonance surface.
In terms of the scaling of the growth rate we find the expec-
ted trend as a function of the Lundquist number (∼S−3/5) so
that these modes may appear in RFX-mod2 plasmas depend-
ing on the S regime that will be explored (in RFX-mod we
operated around a value of 104) and possibly may lead to NTM
as well.

As in RFX-mod also in the new machine the main goal will
be to address control strategies in different scenarios and con-
figurations. In this respect for the purpose of RWM control
assessment, an updated ‘flight-simulator’ is being developed.
This tool has been successfully benchmarked in the past
against RWM growth rates from RFX-mod experiments [54]
and a similar concept has been developed for JT-60SA [55].
Active control of RWMs is in fact a common issue to RFP
and high β Tokamak operation. Although different physics
are usually at play, with the Ohmic RFP lacking much of the
rotation-triggered effects which are thought to influence sta-
bility in Tokamaks, magnetic control can be addressed in the
same way when necessary.

To this end the coupling between MARS-F and Cariddi
[56]. The former code is used to compute linear ideal plasma
response to generic external fields while the latter solves the
3D eddy current problem with realistic geometry of passive
and active structures. In particular, a mesh was developed
to describe the RFX-mod2 shell including both poloidal and
toroidal gaps (though presently in a simplified way, i.e. not
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Figure 10. Left: mesh for the 3D shell with equatorial gaps and two poloidal gaps, and saddle coils. Right: n = 6 eigenvector on 3D shell
with gaps.

modelling the overlapped poloidal gap) and the new magnetic
sensors layout (figure 10 left). The coupling of these two codes
is done with the CarMa approach described in [57] thus taking
into account the real geometry of conducting structures. We
will refer to this as CarMa model in the following.

In figure 10 (right) we show the eigenvalue of wall currents
due to an n= 6mode on the realistic 3Dwall. This is part of the
consistency checks between MARS-F and CarMa which are
now focussing on RWM growth rates estimates, before going
to the full integration of the two codes and the development of
the full control scheme loop with the realistic 3D wall.

Nevertheless, feedback control of the m = 1, n = 6 RWM
has been investigated with the MARS-F code, which allows
external currents (i.e. coils) to be included in the modelling
domain. Differently from the CarMa model, for direct feed-
back a simplified geometry of RFX-mod2 active coils is imple-
mented in terms of radial distance from the plasma and pol-
oidal length of the coil legs. Feedback control has been applied
with a proportional scheme, using both poloidal and radial
measurements as feedback variables. These virtual measure-
ments are taken at the radius of the saddles sensors that will
be installed on RFX-mod2. Figure 11 reports the results of
these first simulations varying the proportional gain Kp, sug-
gesting that poloidal field sensors could be more effective. On
one hand this is consistent with most of the RWM active con-
trol results in tokamaks, on the other it should be reminded
that control schemes based on tailored processing of the radial
field measurements were successfully applied in RFX-mod. In
fact, the control of RWM in RFP discharges was performed
by using the raw harmonic components of the radial field.
Conversely, the control of TMs in RFP discharges and m = 2,
n= 1 RWM in tokamak discharges required the removal of the
sidebands due to the active coils action from the correspond-
ing feedback harmonic component. Analyses based on theor-
etical models showed the effect of sensors and coils number
and periodicity on the active control of MHDmodes [58]. The
main message we can get from figure 11 is that an n= 6 RWM
can be stabilized, with results to be compared with the CarMa
model being developed.

Once the ‘flight simulator’ is thoroughly checked the tool
will be used to investigate the effect of the close-fitting copper
shell, compared to RFX-mod, in the main plasma scenarios
that the new device is designed to explore. In particular for the
RFP case, we will address the stabilization of multiple RWMs

Figure 11. Testing proportional control (Kp is the proportional gain)
of n = 6 mode with either poloidal (blue) or radial (red) point-like
field as feedback variable.

with different sensor geometries, comparing their effective-
ness in terms of coil current requirements.

4. Shaped tokamak scenario

RFX-mod2 will continue tokamak studies started in RFX-
mod focusing on shaped plasmas with both positive and neg-
ative triangularity, given the results in terms of stability and
performances observed on different machines in the latter
configuration [59].

In this respect the effect of the close-fitting copper shell is
being investigated in the shaped tokamak case where the non-
uniform plasma–wall distance can significantly affect mode
stability. This can be even more critical and require proper
plasma shape definition in negative triangularity scenarios
as well as in snowflake configuration, particularly with low
safety factor in the plasma edge. Preliminary studies have been
addressed in [51] and [60], which need to be validated and
expanded in terms of experimental operation and modelling
that will be dedicated to these scenarios.

The analysis shown in the previous section for a D-shaped
plasma, has been extended to single-null configurations both
with positive and negative triangularity (see figure 12 left for
the latter shape). A linear analysis shows that both plasma
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Figure 12. Left: negative triangularity plasma with q(a) > 2 (the thick line represents the separatrix). Right: (m = 2, n = 1) growth rate for
different shell proximity values. Extrapolation to b/a = 1.04 results in a safe regime.

shapes are stable to ideal MHD low-n modes (excluding the
(1,1) internal kink) in the L-mode scenario. More physics is
going to be included in the model, starting from resistivity, to
grasp the effects of shaping and triangularity on the stability
of TMs.

As for the DEMO-like case, we investigated the trend with
βN of the growth rate of the (2,1) pressure driven mode for the
negative triangularity plasma with different values of plasma-
shell proximity. As shown in figure 12 right we do expect a
favourable condition in the regimes that we can produce in
RFX-mod2 where b/a = 1.04.

Another important issue related to the optimization of the
plasma configuration is the vertical stability. Comparing the
positive and negative triangularity cases, the latter one appears
to be more unstable with respect to the former. As the negat-
ive triangularity configuration was obtained mirroring the pos-
itive one, this procedure has an effect in terms of local geo-
metrical features such as a larger distance from the plasma to
the passive stabilizing shell in the low-field side. This aspect
will be part of the optimization in view of the experimental
campaigns.

From the point of view of microturbulence, given the shape
of kinetic profiles (density and temperature) observed in RFX-
mod, the focus was on instabilities driven by temperature
gradients. To this end in the simulations for these tokamak
shaped plasmas [51], the density profile was represented as
flat for a large part of the volume with a gradient only at the
edge.Within these assumptions, the analysis shows the advant-
ages moving from positive to negative triangularity in terms of
energy confinement in TEM-dominated or mixed ITG/TEM
turbulent regimes. The modelling shows that at mid radius the
most unstable modes are ITG while ETGmodes become more
important at the edge where density gradient develops. As far
as TEM modes are concerned, lower fluctuation levels in both
density and temperature are obtained in negative triangularity
plasmas.

We remark that the results obtained (apart from basic
assumptions due to the unknown plasma features of the new
machine) strongly depend on how some quantities like the
local magnetic shear and curvature interact with the mode

structure. From this point of view the plasma shaping capabil-
ity of RFX-mod2 offers the possibility to fine-tune the plasma
geometry to reduce the energy transport in the electron chan-
nel, ion channel or both.

5. Conclusion

RFX-mod2 is scheduled to start operation in 2025 and will
cover both RFP and tokamak plasma configurations. In this
work we presented first predictive scenario studies in terms of
transport, stability and turbulence properties of both RFP and
tokamak (circular and shaped) plasmas as well as the upgrade
of control modelling codes. These analyses will continue with
the goal of optimizing plasma configuration, shaping and con-
trol schemes, in order to prepare the initial experimental cam-
paign and the tools useful for control room analysis and data
sharing during experiments.

The advanced RFX-mod2 diagnostics in preparation to
measure internal kinetic profiles will allow a better experi-
mental characterization and provide additional input to the
codes in terms of time evolution of temperature profiles,
particle sources (both main gas and impurities) and neutrons
production. Based on the upgraded diagnostics capabilities of
RFX-mod2, high frequency magnetic and electrostatic fluctu-
ation measurements will be possible in the scrape off layer and
plasma edge, allowing for a remarkably detailed characteriza-
tion of turbulence in that region. The operation of RFX-mod2
will also allow the optimization of a new controller based
on the new reflectometric diagnostic to control both vertical
and horizontal position of plasma equilibrium (circular and
shaped).

An important research line will be the exploitation of
the RFX-mod2 active control system for ELM mitigation
studies. This is motivated by the experience on RFX-mod
operations, where ohmic and edge biasing induced trans-
itions to H-mode (by means of a polarized electrode) could
be reproducibly achieved also in shaped discharges, with
important modifications of the edge plasma density and flow
properties [61].
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