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A B S T R A C T

A major refurbishment of the toroidal complex of the RFX-mod device is in progress and will include the removal
of the Inconel vacuum vessel and a modification of the stainless steel supporting structure to be made vacuum
tight. The plasma facing graphite tiles will be mounted onto the inner surface of the copper shell so as to increase
the plasma proximity factor. New operation regimes are expected to provide a significant reduction of the
amplitude of RFP tearing modes with magnetic chaos mitigation and confinement improvement. On the other
hand, due to the shorter distance from the passive structures, the plasma is expected to be even more sensitive to
magnetic field errors at the plasma boundary, produced by the induced currents near the cuts of the same
structures. In preparation to the new RFX-mod2 experiments, a thorough revision of the conditions triggering the
error fields due to the eddy currents was undertaken. An analysis of the static and dynamic equilibrium magnetic
field has been carried out in RFX-mod and RFX-mod2 to estimate the magnetic field driving the shell eddy
currents. A lower equilibrium magnetic field should be required in RFX-mod2. Analyses of different config-
urations of the poloidal gap were also carried out by a specialized computational tool. A solution with a spaced
poloidal gap and a more extended overlapping was envisaged capable of maintaining the same error fields at the
closer plasma boundary with the same forcing field and meeting the more stringent insulation and assembly
requirements of RFX-mod2.

1. Introduction

RFX-mod [1] is undergoing a refurbishment (RFX-mod2), aimed at
improving the RFP plasma boundary conditions by increasing the
conductivity of the innermost structure which encloses the plasma. In
detail, the RFX-mod2 design includes the removal of the Inconel va-
cuum vessel, the installation of the first wall graphite tiles on the inner
surface of the copper shell, now to be fastened onto the stainless steel
toroidal support structure (TSS), which, in turn, shall be made vacuum
tight [2].

The higher conductivity of the nearest structure surrounding the
plasma (copper with respect to Inconel) is expected to allow for spon-
taneous Tearing Modes rotation at higher plasma current [3,4] com-
pared to RFX-mod. Moreover, the increased proximity between plasma
radius and conducting shell is also expected to clamp the saturation
amplitude of the tearing modes at a lower value [3]. Finally, a loop
voltage reduction is also expected, due to the enlarged plasma cross

section.
On the other hand, due to the shorter distance from the shell, the

plasma will be even more sensitive to magnetic field errors at its
boundary, produced by the shell eddy currents near the poloidal cut
(also named gap) for the penetration of the electric and magnetic fields
and the holes for diagnostic access. The overlapped poloidal gap con-
cept [1], developed for RFX-mod, represented a significant improve-
ment in terms of error field passive reduction, compared to the RFX
butt-joint. This design needs to be updated as the RFX-mod2 shell will
be in vacuum, posing several additional mechanical constraints. A
previous study for RFX-mod2 [5] assessed that error field reduction in a
butt-joint concept with active coils would have been very challenging.
In order to give the mechanical designer more freedom and to guar-
antee an insulation margin, a different concept, based on a separate
copper toroidal section (sleeve) extending over a wide poloidal gap, has
also been investigated.

The main source of shell eddy currents and associated error fields in
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the startup phase of RFX being the time variation of the net vertical
field across the shell, we roughly estimate the basic static and dynamic
equilibrium features of RFX-mod and RFX-mod2 (Section 2), starting
from a typical RFP discharge at high current. A slightly lower vertical
field will be required in RFX-mod2 due to the increased plasma minor
radius [6]. The effect of different shell configurations on the field errors
at plasma boundary (Section 3) are then simulated by means of CAFE
[7], a specialized code that computes the induced currents in thin
conducting structures with complex 3D geometry. A summary is finally
given in Section 4.

2. RFX-mod and RFX-mod2: effect of the modified geometry on
equilibrium and field errors

The RFX-mod plasma position is feedforward and feedback con-
trolled [8] and a thorough experimental optimization has been per-
formed to minimize the error fields due to the shell eddy currents. In
particular, the feedforward term has been shaped to compensate for the
delay in the magnetic field penetration and to oppose the Shafranov
shift in an ideally conducting casing Δ0 typically occurring in the
plasma current rise phase and causing asymmetric interaction with the
surrounding first wall. An assessment of the different sources of the
vertical magnetic field component has been carried out for RFX-mod by
processing available electromagnetic measures. Some results have been
extrapolated to RFX-mod2 by running numerical models.

2.1. Experimental data analyses in RFX-mod

A procedure to estimate the currents in the Inconel vacuum vessel
and in the copper shell was already validated in the past in some
dedicated test vacuum pulses [9]. The reconstructed local measure-
ments of shell surface current density and vessel filament current are
taken as spatial samples of these quantities and their Discrete Fourier
Transform calculated. The space distribution along the poloidal angle is
then approximated by means of a finite Fourier series (up to the 3rd

harmonic). The magnetic field vertical component produced by these
currents can be easily computed. A typical RFP pulse at high current
(shot #31895) has been considered. In Fig. 1 the average values of the
vessel and shell magnetic field vertical component on a grid of points
across the equatorial plane are plotted together with Shafranov plasma
equilibrium field and the magnetic field vertical component produced
by Field Shaping Winding (FSW) currents (the last two with the inverse
sign for convenience of representation). The FSW current magnetic field
is characterized by an overshoot with respect to the theoretical equi-
librium field, driven by the control system feedforward signal. During
the first part of the discharge, an unbalancing (outward) contribution is
produced by the vessel currents because of the prevailing toroidal effect
of the currents on the outer part of the vessel. This asks for an increase

in the overshoot of the FSW magnetic field to compensate for this
further outward push due to the magnetic field of the vessel current.
Even if the cumulative effect of plasma, vessel and FSW currents tends
to maintain the shell current rather low during the very initial phase of
the pulse, later on the dynamic mismatch between the applied and the
required equilibrium field drives larger shell eddy currents with cor-
responding field errors at the cut.

2.2. A preliminary comparison between RFX-mod and RFX-mod2: static
equilibrium

The static equilibrium results provided by Shafranov were applied
to make a preliminary assessment of the operation of RFX-mod2, which
will remain equipped with a 50ms time constant copper shell.
Shafranov plasma shift Δ0 in an ideally conducting casing and the ad-
ditional magnetic vertical field Bzadd required for its compensation are
given in Table 1 for the different versions of the RFX device. It should
also be reminded that RFX-mod is operated without generating a bias
vertical field in case of high current discharges so that the magnetic
field Bzadd is essentially the steady state value at the end of a transient
corresponding to the plasma current rise phase. A typical value of the
poloidal field asymmetry coefficient [6] = + −Λ β 1l

ϑ 2
i ≈-0.2 in RFX-

mod RFP discharges was assumed. The smaller the shift is, the lower
additional vertical field Bzadd is required to center the plasma and the
lower electric field is induced to force the eddy currents in the transient.
The higher plasma proximity of RFX-mod2 should allow a further de-
crease in the ideal shift and the additional field. The needed total
equilibrium field is slightly reduced, too.

2.3. A preliminary comparison between RFX-mod and RFX-mod2:
evolutionary equilibrium and field error estimate

A further step involved an evolutionary quantitative comparison in
terms of field errors between RFX-mod2 and RFX-mod. This task was
performed developing an iterative procedure which exploited the ap-
proximated results provided by Shafranov equilibrium analysis [6] and
the results of numerical analyses by the 3D cell method code CAFE. We
started again from data of the reference shot 31895. Since the vessel
will not be present in RFX-mod2, we made the further simplifying as-
sumption to neglect it, so performing just a relative comparison be-
tween the old and new version of the device.

Thus only three field sources were considered in the procedure: the
plasma current, the eddy currents induced in the 3D shell, cut along a
poloidal plane, and a uniform external field source mimicking the FSW,
which indeed creates a nearly uniform vertical magnetic field in the
torus region. The procedure begins by computing the Shafranov ap-
proximated equilibrium poloidal flux function Ψ t(ϑ, )equilibrium and
splitting it into two terms,Ψ t(ϑ, )p due to the plasma andΨ t(ϑ, )ext to all
the other sources [6], i.e. the FSW currents, Ψ t(ϑ, )FSW , and the cur-
rents induced in the shell both by the plasma Ψ t(ϑ, )eddy p, and by the
FSW Ψ t(ϑ, )eddy FSW, . The final aim of the procedure is to determine the
time evolution of the vertical field Bz,FSW(t), produced by the FSW, that
ensures equilibrium. Once the evolution of plasma current, plasma shift
and poloidal asymmetry coefficient is given, the total poloidal flux
function Ψ t(ϑ, )equilibrium is evaluated according to Shafranov formula on
a circumference of radius r= 0.5m. The details of the time evolution
are different for RFX-mod and RFX-mod2: in particular, the plasma shift

Fig. 1. Analysis of the magnetic field equilibrium vertical component in a RFP
high current discharge (shot #31895).

Table 1
Plasma shift in an ideal casing (Δ0) and compensating vertical magnetic field
(Bzadd).

RFX RFX-mod RFX-mod2

Δ0 [mm] 34 14 6
Bzadd (Δ=0) [mT] 33 17 7
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evolution in RFX-mod2 is obtained by rescaling the RFX-mod plasma
shift evolution according to the estimated maximum value of Δ0

(Table 1). The plasma current is modelled, in the CAFE code, by a
toroidal surface current density = ∇ ×J nφ ϕ φ(ϑ, ) (ϑ, ) , whose minor
radius is 35 cm. The unit vector n is normal to the toroidal surface and
the scalar stream function is defined, as

= ∑ =
ϕ φ t A t sin m θ(ϑ, , ) ( ) ( )m m1,6 where the time varying coefficients
Am(t) are determined by a matrix inversion, in order to reproduce the
time evolution of the plasma poloidal fluxΨ t(ϑ, )p . Once these terms are
available, the CAFE code computes the shell eddy currents Ψ t(ϑ, )eddy p, .
The external windings have to create a time varying vertical field
Bz,FSW(t) such that + =Ψ t Ψ t Ψ(ϑ, ) (ϑ, )FSW eddy FSW ext,

−t Ψ t(ϑ, ) (ϑ, )eddy p, . The r.h.s. is known and it allows determining the
l.h.s., or more precisely its cosine 1st harmonic

∫= +y t Ψ t Ψ t cos d( ) [ (ϑ, ) (ϑ, )] ϑ ϑc π FSW eddy FSW1
1

, .
The Fourier transform of the shell pulse response to an external

uniform field G(ω) can be precalculated through CAFE. Then the time
evolution of the uniform vertical component due to the FSW currents
Bz,FSW(t)=u(t) can be obtained by taking the inverse Fourier transform
of the product U(ω)=G−1(ω)Y1c(ω), where Y1c(ω)=F(y1c(t)) is the
Fourier transform of y1c(t). When both the external and the internal
magnetic field sources are calculated, by running CAFE again it is
possible to evaluate the total shell eddy currents and their contribution
to the magnetic field on the chosen surface. A dense net of virtual
sensors (720 toroidal x 60 poloidal) in the numerical model allows an
accurate reconstruction of the complete spatial magnetic field dis-
tribution. In the upper panel of Fig. 2 we compare the time evolutions
of RFX-mod and RFX-mod2 magnetic field radial component Br
(ϑ=90°) at the 3 toroidal angles indicated by the vertical lines in the
lower panel (bold, thin, dashed), where the toroidal distribution of Br
(ϑ=90°) is plotted at t= 20ms. The two peaks correspond to the
angular positions of the two shell overlapped edges. The higher peak
values in RFX-mod2 in the lower panel depend on the plasma being
closer to the shell overlapped edges. However, the adopted approach
which leads to this worsened condition should be considered a rather
conservative one. In fact, it was pointed out in Section 2.1 that the
vessel currents act as a source of field opposing the equilibrium and
asking for an additional amount of FSW vertical magnetic field in the
plasma rise phase.

3. Alternative configurations of the shell poloidal gap in RFX-
mod2

In RFX-mod2 the insertion of an insulating layer between the shell
edges to avoid electric arcs at the gaps must be compatible with a re-
liable assembly procedure. Thus a thorough revision of the gap con-
figuration was necessary to assess the effects on the quality of the

device magnetic confinement. In the following we will focus on the
more critical poloidal gap, but the optimization of the toroidal gap,
which affects the m=0 MHD modes, is also under way. The butt-joint
gap, as in the first version of RFX, would have allowed simplifying the
assembly of the toroidal complex, but previous analyses and experi-
mental results showed that it entails unacceptable field errors [7]. The
solution adopted in RFX-mod, one narrow (2 cm) gap with 22.5° over-
lapping, proved to be effective in reducing the field error, but it cannot
be just replicated in RFX-mod2 due to both assembly and insulation
requirements. This solution will be used as a benchmark to assess two
alternative ones, which have been analyzed by means of the CAFE code.
The previously mentioned simplified model without the support struc-
ture has been considered sufficient to perform the assessment according
to a comparative approach. The results were obtained by applying a

Fig. 2. Top: time evolution of Br(ϑ=90°) at three toroidal angles. Bottom:
toroidal distribution of Br(ϑ=90°, ϕ) at t= 20ms. RFX-mod (red) and RFX-
mod2 (black) (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article).

Fig. 3. Toroidal profile of Br (ϑ=90°, t= 50ms) for different gap and sleeve
widths and in RFX-mod.

Fig. 4. Time averaged (20–50ms) toroidal mode spectrum (m=1, n) of Br
(ϑ=90°, ϕ): RFX-mod (red) vs. 20° poloidal gap with 55° sleeve (black) (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

Fig. 5. Spaced poloidal gap with overlapping edges. Top: toroidal profile of Br
(ϑ=90°, t= 50ms); bottom: schematic representation of the two different gap
configurations.
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uniform vertical forcing field with a rise time (20ms) and an amplitude
(30m T), corresponding to the estimated dynamics of the shell eddy
current driving field in RFX-mod. A Fourier analysis of the field error
has also been carried out to monitor components which can trigger
harmful MHD modes.

3.1. Poloidal gap with separated sleeve

The insertion of the insulation layer and the following assembly
would be made easier by separating the overlapped stretch from the
underlying shell. A conducting sleeve spanning a poloidal butt-joint gap
could be conveniently positioned with the desired overlapping length.
On the other hand, the eddy current paths at the sleeve edges and at the
facing edges of the underlying butt-joint gap imply the presence of
three peaks in the toroidal distribution of Br as shown in the black curve
of Fig. 3, where the distance of the parallel facing edges is 2 cm and the
sleeve extension is 30°. The central peak is higher than in the original
RFX-mod overlapped gap (red curve) and the amplitudes of the other
two are comparable with the old one. Extension of the sleeve length
(37.5°, 45° and 55°) and increased distance of the underlying shell edges
(gap width: 7.5°, 15° and 20°) lead to four peaks with a trend towards
an equalization of their amplitudes. The limit solution would be a gap
width equal to 180° and a 220° sleeve, which is equivalent to two gaps
with 20° overlapping. For the sake of clarity we restrict the comparison
with RFX-mod to the best performing one. In Fig. 4 the time averaged
(20–50ms) toroidal mode spectra are shown. The difference in the two
spectra depends on the enlarged extension of the magnetic perturbation
in the gap region and the distances between the edges of the conducting
elements. Lower n harmonics correspond to Resistive Wall Modes, that
can be controlled by the RFX-mod MHD control system for both gap
geometries. Higher n harmonics (n> =7 for RFX-mod) have been
shown to contribute to the wall-locking of the Tearing Modes [10] if
their amplitude is sufficiently high: for typical RFX-mod parameters
both error field spectra are not significantly affecting wall-locking.

3.2. Spaced poloidal gap with overlapped edges

The results presented in the previous section show that the electrical
continuity of the overlapping stretch with one side of the shell must be
retained to maintain the same error field toroidal pattern as in RFX-mod
in the presence of the same forcing field. On the other hand, if the
original overlapping length were kept, the need of a wider gap to
guarantee a larger insulation margin would imply an increased proxi-
mity of the shell edges with a consequently higher error field peak. An
improvement was achieved by extending the overlapping part by the
same length as the removed underlying copper stretch. Fig. 5 shows the
comparable patterns of the error field with respect to RFX-mod after

this modification. The different gap widths and overlapping lengths are
schematically displayed by the lines in the bottom panel, referring to
RFX-mod (red) and to the proposed solution for RFX-mod2 (black),
respectively. In this case RFX-mod data were obtained by using a mesh
with full details of the shell and this explains the presence of local error
field peaks in the corresponding curve. It must be reminded that these
peaks must be rescaled taking into account the expected favourable
ratio between the forcing field in RFX-mod and RFX-mod2 suggested by
the analyses of Section 2.

4. Conclusions

The design of a the new toroidal complex of RFX-mod2 with the
increased proximity factor between plasma and conducting shell re-
quired a thorough investigation of the consequences in terms of quality
of the magnetic field configuration at the plasma boundary. The effect
of the geometric modifications from RFX-mod to RFX-mod2 on plasma
equilibrium and field errors was analysed. As a result, reduced ampli-
tude of the magnetic field forcing the circulation of the shell eddy
currents was estimated for RFX-mod2. Alternative configurations of the
poloidal gap were also assessed by comparing the resulting error field
amplitudes and toroidal harmonic spectrum with the same forcing field.
A spaced poloidal gap with a more extended overlapping seems to be
the best solution to guarantee the same results in terms of error fields as
in RFX-mod at the now closer plasma boundary and the capability to
comply with the strict insulation and assembly requirement of RFX-
mod2.
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