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Abstract. Reversed Field Pinches (RFPs) share with Tokamaks and Stellarators the experimental evidence of
an upper limit for the maximum value of the electron density at which they can operate. Above a certain density
level, well described by the Greenwald law for Tokamaks and RFPs, a radiative collapse with strong plasma
cooling is observed, predominantly due to processes occurring at the plasma boundary. In the RFX-mod RFP
close to the density limit a radiating belt, poloidally symmetric and toroidally localized, develops in the region
where the plasma is shrunk as an effect of the m=0 tearing modes. The phenomenology recalls that of MARFES
or plasma detachment, though, unlike Tokamaks, the appearance of the radiating belt is associated to a soft
landing of the plasma discharge.

The paper reports the experimental pattern of the RFX-mod plasmas close to the density limit, including density
and radiation profiles, plasma flow and turbulence. Particles are toroidally conveyed towards the region of
maximum shrinking of the plasma column where they accumulate. The interpretation is related to the topology
of MHD m=0 and m=1 modes: the reconstruction of the magnetic topology shows that the highly radiating
region corresponds to the presence of peripheral m=0 magnetic islands well detached from the wall. The
emerging indication is that in RFPs a reduction of the m=0 activity could be a way to overcome the density limit.

1. INTRODUCTION

Both an upper and a lower operational limit for density are found in all the major magnetic
configuration devices. The upper one is more critical, because the performance of a future
reactor depends on the product nez' f(T), with f(T) function of the plasma temperature.

The occurrence of a high density limit in experiments characterized by different magnetic
configurations raises the question if the mechanism behind it is regulated by a common
physics. Tokamak and Reversed Field Pinches (RFP) share the same limit: the maximum
average density at which each device can operate is bound to the plasma current, according to
the so-called Greenwald law: n < nG=Ip/TEa2 (1020 m>, MA) [1]. A number of studies have
been carried out to explain the nature of this empirical limit. In most of them it has been
related to the occurrence of a thermal edge instability, with increasing radiation and edge
plasma cooling, often acting in synergy with recycling or edge turbulence [see for example
1,2,3,4,5,6]. An exception is represented by the case of the TEXT Tokamak [7], where the
limit was related to a micro-turbulence induced transport effect. However, in general, for both
Tokamaks and RFPs, the origin of the Greenwald limit is believed to be a thermal instability
that, due to the interplay between perpendicular and parallel transport, develops at the plasma
edge. In Tokamaks the consequent shrinking of the current profile can often trigger a plasma
disruption. Conversely, the density limit in RFPs leads to a soft landing of the plasma
discharge rather than to a fast termination. In Tokamaks, improved core transport as well as
fuelling via pellets or strong neutral beam heating may lead beyond the Greenwald threshold
[8]. This indirectly strengthens the idea that the limit originates from processes occurring at
the edge.

Stellarators experience a high density limit too [2,9], well described by the Sudo scaling [10],
allowing an operating density range wider than in Tokamaks and RFPs and accompanied by
thermal and radiative instabilities. In Stellarators, the limit mainly depends on the heating
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power and magnetic field strength and it is attributed to a central impurity accumulation with
consequent temperature collapse or to a detachment process induced by impurity radiation.
However, the impact on plasma equilibrium is less strong than in Tokamaks, and therefore the
discharge does not disrupt. Indeed, a peculiar feature in the case of Stellarators is that the
temperature collapse can recover, resulting in radiation oscillations and plasma jumping in
and out from a state of equilibrium (the so-called ‘breathing’ discharge, [2]).

This paper gives a complete experimental pattern of the high density discharges in the RFP
device RFX-mod, discussing the common aspects and the peculiar features of the RFP when
compared to the other magnetic configurations.

2. EXPERIMENTAL FINDINGS

2.1 General phenomenology

In the RFP device RFX-mod (R= 2m, a=0.459m)
the improved control of the magnetic boundary
[11], based on a system of 192 feedback controlled
saddle coils, allowed the avoidance of the severe
plasma-wall interaction (PWI) phenomena that in
the previous device RFX at high density led to
carbon blooming and fast termination of the
plasma discharge [12].Yet, the maximum density
is still limited to the Greenewald value, as shown
in fig.1, where plasma currents from 0.4 to 1.5 MA

Fig.1: Greenwald plot for RFX-mod are included. At high density the database is still
limited for the highest currents. One reason is that

in RFX-mod the best performance is obtained in the Quasi Single Helicity (QSH) regime,
where the MHD spectrum is dominated by a single m=1, n=-7 mode [13]. Presently, QSH are
spontaneously obtained at high current for densities well below the Greenwald limit.
However, even in Multiple Helicity (MH) regimes, where a large spectrum of m=1 modes
resonates inside the q=0 surface, an objective difficulty has been found in sustaining high
densities at high current. As the plasma density in RFX-mod is basically sustained by the
graphite wall recycling, this difficulty could be ascribed to a wall conditioning/fuelling
problem rather than to a more strict density limit at high current.
Independently of the plasma current, when the density increases approaching the Greenwald
value, due to plasma cooling and resistivity increase the toroidal flux decreases, resulting in a
shrinking of the current profile and soft decrease of the plasma current.
As already reported for RFX [12], due to the deformation of the Last Close Flux Surface
(LCFS) induced by the MHD m=1 mode coherent superposition (LM, Locked Modes), the
PWI is not toroidally symmetric, and this can be an important factor in determining the
plasma behaviour at high density. It has to be mentioned that the non-linear interaction
between the m=1 modes generates an m=0 perturbation, as the coherent phase relation
between m=1 modes propagates to the m=0 too. On RFX-mod the LM has been put into
rotation according to a scheme dubbed Virtual Shell + Rotating Perturbation [14]. This offers
the practical advantage of dragging the LM (and consequently the m=0 perturbation) all
around the torus, allowing the plasma to be diagnosed by all the diagnostic systems placed at
different toroidal positions.

2.2 Radiation pattern
For a plasma discharge at n/ng =0.8, Fig. 2b shows a toroidal section of the whole 3D total
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emissivity map, as obtained by the tomographic bolometry
system, compared with the local displacement from the
wall of the m=0 perturbation &° (fig. 2a, red curve). In the
plot, the abscissa represents the toroidal angle of the
diagnostic with respect to the instantaneous position of the
LM (®Pjock). Most of radiation is toroidally localized in a
belt about 30° — 90° wide, corresponding to the region
where the LCFS deformation due to the m=0 pertubation
induces a shrinking of the plasma. The same toroidal
asymmetry is not observed at lower densities, with n/ng
<0.4.

et oV g ¥ ] An example of oxygen line intensity ratio behaviour is
0.2 P Saesd O '-: shown in fig. 2c. As the total radiation, the O VI (Li-like)
o and O IV (boron-like) line intensities increase at an angle
B (deg) displaced by ~100° from the LM. This implies, rather than

a strongly recombining plasma, a widening of the radial

Fig.2 As a function of the toroidal region at low temperature (20-40 eV) where these ions
angle: (a) local displacement &'(red) mainly emit. Measurements from Thomson scattering

and flow (blue) (b) total radiation (c)

OIV and OVI emissivities confirm this indication (fig. 3) [15].

On the poloidal plane, the radiative region at high density
is nearly symmetric, and forms a quite broad belt (radial
Taokh F | extension ~ 10-20 cm, 1/3 of the plasma radius, fig. 4b) where
3 N the plasma shrinks. In the other toroidal regions, the plasma
sop “we_;_.._ﬁ_""'“‘f-""f.;, ' radiation is poloidally asymmetric, peaked towards the outer

Ny, part of the torus, where the PWI is stronger, and localized in a
narrow layer (~ 5cm, fig. 4a).
2.3 Density behaviour
In discharges approaching the Greenwald limit an increase of
Fig. 3: edge radial profile of Te the electron density line—ointegrated signal is also observed,
corresponding with (red) and toroidally shifted by 100° with respect to the transit of the
w/o (blue) radiating belts LM, i.e. where the plasma shrinks (fig. 5b, showing the
inverted density profiles obtained from a multichord
interferometer as a function of the
toroidal angle). The increased
density is not the simple
consequence of a local
enhancement of the source, as the
H, intensity, proportional to the

b

S s neutrals entering the plasma,
SR MHALEEIR DR e BEE peaks in correspondence of the
LM (fig.5a).
Fig. 4 Radiation pattern on the poloidal plane (a) when the The merease of ] denSI.ty
plasma is not shrunk due to the m=0 (b) in the shrinking region corresponds to a radial profile

externally peaked (see fig. 5b),
reaching at the edge a value about twice than in the core. It is worth noting that the radial
extension of the density peak is of the same order of the radiation. A possible explanation for
this toroidal accumulation of density comes from the plasma flow measurements, discussed
below.
It has to be recalled that the data reported here refer to discharges where a rotating
perturbation was externally applied to rotate the m=0 and allow the observation with all the
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diagnostic systems. However, high density plasmas without rotating perturbation showed the
same global behaviour and also in that cases radiating belts corresponding to plasma
shrinking were observed.

3. THE ROLE OF THE EDGE FLOW AND TRANSPORT
The plasma toroidal velocity at the edge has been
measured by a Gas Puffing Imaging (GPI)
diagnostic as a function of the electron density
[16]. In principle, this is not properly the plasma
velocity, but the velocity of the density fluctuations
evaluated from a cross correlation technique
applied to the He I line emission. However, the
fluctuation velocity has been found consistent with
the E x B drift obtained from the plasma potential
gradient [17,18], and can therefore be identified
with the plasma velocity writing v~(E x B)/B>. The
diamagnetic term in the momentum balance
equation E; = (Vpy)/(en;)) — (v x B ), (p; plasma
Fig. 5: Haremissivity and m=1 perturbation  pressure) has been experimentally determined at
(a) and electron density radial profiles (b) vs. 0 edge from the T, and n. profiles obtained from
the toroidal angle . . . . .
the intensity ratio of He I lines (and assuming
T;=T.), and has been found to be negligible. Therefore, taking into account that in a RFP at
the edge B~Bg, the toroidal velocity can be considered as ve ~ E./Be, where the negative
sign of vg corresponds to an inward E,. The E, behaviour as a function of the electron density
is plotted in fig. 6 for two currents. Data in the plot refer to the region where the LCFS does
not intercept the wall, i.e. where plasma shrinks and radiating belts are observed. For each
current, E; decreases with density up to a sort of ‘saturation’ level, reached at n/ng~ 0.4, the
same value above which the radiating belts are observed. The decrease of the electric field at
high density can be associated to a decreased rate of Finite Larmor Radius (FLR) losses, due
to the lower temperature and to the higher viscous effect associated to the charge exchange
processes [19]. In the region where the magnetic field lines, intercepting the wall, directly hit
against it, the local Er depends on the loss rate of electron and ions, determined by the sign
(inwards or outwards) of the radial magnetic field. In that region the sign of E,, and therefore
of ve, is determined by the local B,. Fig. 2a shows that when the & derivative becomes
negative and the radial magnetic field is positive (outwards) [20], the toroidal velocity
changes sign, while it reverts negative as B, changes sign. The same behaviour is also shown
by the velocity measured from the Doppler shift of a
C III line, emitting from the plasma edge.
The picture emerging from the results is that particles
- - . entering into the plasma are mainly produced in the
region of LM (where the H, shows a strong increase)
and are toroidally conveyed towards a stagnation
point, displaced by ~100° with respect to the LM and

—150-100-50 O 50 100 150
P ey (deg)

L*]

Z00-400 ka ]

i corresponding to the region where the m=0

o 2e07 aaa”  ea0®  8x0”  perturbation is associated to a shrinking of the
L plasma. There, at high density, particles accumulate,

Fig. 6: Radial electric field vs density; radiation increases and the plasma cools down. In
the total density range has been divided  RFX-mod at high density, smaller blobs are nested
;Ze]aov?;aer ‘;aolfze: es‘;ZZ‘lan’;i CZ?””S are into larger ones, corresponding to more effective
& coherent structures with higher density [16]. Indeed,
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also in Tokamaks the high density regimes are characterized by blobs at higher density [21].
Taking into account that a large part of transport, of the order of 50%, is due to blobs at n/ng
> 0.3 [21,22], the density accumulation may be viewed as an accumulation of blobs with
higher density. The effect is favoured by a turbulent diffusion coefficient D, (representing the
contribution to the total of the coherent structures) decreasing with n/ng, as reported in [23]
and showing no dependence on the toroidal angle. The diffusivity not related to blobs has
been found to be well described as a Bohm-like diffusivity in RFX-mod. The edge electron
temperature decreases with density [24], indicating that also the Bohm component of
diffusivity is not expected to increase in the region of density accumulation. The question
arises if a toroidal density gradient can be maintained against the radial diffusion. The radial
diffusive flux D anedgelar , evaluated on the basis of the diffusion coefficient experimentally
determined for RFX-mod [25], is = 1022 m? s'l, to be compared with a toroidal convective
flux (that in the case of a RFP at the edge is a perpendicular flux) vy Nedee= 102 m? s
Summarizing, the density accumulation in the region of the plasma shrinking can be due to
the combined effect of the flow inversion originated by the edge radial field and of the edge
transport dependence on density.

4. — EFFECT OF THE MAGNETIC TOPOLOGY
The above discussion implies a strict

F1oeas 1=81 ma e link between the phenomenology at

45| @ i} /\' _ high density and the topology of the
e j ; Jf A magnetic field, in particular of the

— ap ) 2 1Y m=0 modes. To study this point, the
9 # S ; R‘-J\ P_/. Hamiltonian guiding center code
- VAN Orbit [26] has been applied, using as

[
n

calculated as solutions of the

o 2L ; R Gtk _ . Newcomb’s equations for m = 0, 1
3 ? 1 o 1 2 and n = -1 — -24 in toroidal geometry
#—toe (rod) [27]. Fig.7 shows the resulting

: : , , toroidal Poincare’ plot for a discharge
Fig.7 : Poincare’ plot of the magnetic topology at the

edge. Green line: reversal surface; magenta line: Wlth p/nG = 0.8, at the tlme Of‘the
toroidal flux function radiation peak. The toroidal field

ripple \VO due to the m=0 and the
toroidal field reversal surface are also shown in the figure. A chain of m = O islands is
reconstructed, with the O-points aligned in the toroidal direction nearby the reversal radius.
At @ < P the islands are pushed towards the wall, while islands at ® > P, are shifted
towards the axis. The region where y° < 0, which is the region where the plasma flow reverts
its direction and radiation peaks, can be subdivided in two parts: one (A) where BWO/BCID <0
and B; is positive, and the other one (B), where 8\|!0/8<I> > 0 and B, is negative. As a result of
this modulation of the radial field, in region (A) m = 0 islands are elongated radially up to
Scm and they can touch the wall, while in region (B) islands are compressed to = Icm and are
topologically well defined. As electrons at the first order follow field lines due to their smaller
Larmor radius, they can be expected to flow along the border of islands in region (A), and to
intercept the wall, while this does not happen in region (B). As a consequence, confirming the
qualitative discussion given in sec. 3, the application of the Orbit code indicates that in (A) an
outward electron flux can induce an inward electric field, which is elsewhere outward due to
FLR effects, determining the flow inversion which is at the basis of radiation condensation.
The key role of the m=0 structure in influencing the plasma behaviour at high density is
inferred from the operation of RFX-mod in the so-called ultra-low q (ULq) configuration

L}
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[28], a screw pinch characterized by a safety factor in

MA) the range O<g<l. In ULq plasmas a field reversal
surface does not exist and the non linear coupling
0.1 among the m=1 modes is poor, with a consequent
negligible amplitude of the m=0. Discharges with
sustained plasma current and n/ng exceeding 1 have
G been obtained, (fig. 8), suggesting that the
Yedge achievement of RFP discharges with very low m=0

0 perturbation could allow the overcoming of the
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time [s] Greenwald limit.

I (
o2f P

0

1 n/n
e

0.5

Fig. 8: plasma current (top), Greenwald

fraction and edge safety factor (bottom) 5. COMPARISON WITH TOKAMAKS AND
time evolution in a Ulg discharge STELLARATORS

The phenomenology observed in RFX-mod at high

density shares a number of similarities with Tokamaks and Stellarators. The radiating belts
observed in RFX-mod resemble the phenomenology of MARFES observed in Tokamaks and
Stellarators [5,29,2,30], usually attributed to a thermal instability [31,32] (exchanging the
poloidal and toroidal direction, as at the edge in RFPs the parallel transport is poloidal).
However, the radiating belts observed in RFX-mod, that as MARFES are linked to an edge
cooling of the plasma, have an impact on the plasma discharge different than in Tokamaks
and Stellarators. A simple power balance has been calculated in the highly radiating region,
comparing the dissipated power (radiation plus neutral excitation and ionization) with the heat
flux to the same region from the radial direction and along the magnetic fields lines,
calculated perpendicularly to the m=0 perturbation as in [32].The radiated power is evaluated
assuming a concentration of 1% of the electron density for carbon and oxygen. This local
estimate, though crude and qualitative, shows that, due to the high effective correlation length
at the edge, where the toroidal field is very low, the contribution of the heat flow along the
field lines is by about one order of magnitude lower than the perpendicular heat flux. When
the electron temperature becomes lower than 25 eV, the dissipated energy exceeds the total
heating flux, thus implying a further decrease of the temperature itself. This negative power
balance is a local effect: differently from what observed in Stellarators [9], in RFX-mod the
total radiated power remains well below the total heat power. However, the edge cooling does
not lead to a disruptive instability. Indeed, if on the one hand processes of electron ejection
and temperature collapse recovery are not observed as in Stellarators [2,9], on the other hand
a soft landing of the plasma temperature and current is observed, rather than a disruption as it
happens in Tokamaks, due to a shrinking of the current channel with the onset of an (m=2,
n=1) instability. To interpret the impact of the radially localized radiative process on the
global plasma performance, a 1-dim transport model has been applied, that self-consistently
evolves the MHD fields and includes part of the RITM code [34] for the evaluation of the
neutral and impurity related terms. The code solves the equation for the safety factor q(r,t)
assuming an Ohm's law with a dynamo term and a Spitzer's like resistivity, together with the
main gas transport equations. In Fig. 9 the effect of an increase of the density is shown.
Following a forced linear increase of the Hydrogen influx (a), the density increases as a whole
by a factor about 3 reaching values close to the Greenwald density and turning into a slightly
hollow shape. The density increase leads to a decrease of the temperature (b), as
experimentally observed and also to a current decrease (c). This effect is due to the freezing of
the dynamo at the beginning of the particle influx: the plasma current is no longer sustained
against the increased resistivity, resulting in a soft landing of the discharge. In other words, to
sustain a constant plasma current, a great enhancement of the dynamo field would be
required. It is worth noting that at the end of the density injection the volume integrated
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radiation power turns out to be ~10-15% of the ohmic input power, consistently with the
experimental global power balance.
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Fig. 9: Density (a), temperature (b) and poloidal field (c) profiles behaviour as obtained from the 1-dim
model with time increasing particle

6. CONCLUSION

The phenomenology observed in RFX-mod high density plasmas can be summarized as
follows: when density approaches the Greenwald value, a poloidally symmetric radiation belt
develops toroidally localized, with a corresponding edge accumulation of density. The
proposed interpretation is based on a combined effect of the toroidal flow inversion occurring
where the magnetic field lines intercept the wall and of a decreased diffusivity at high density.
A strict relation has been observed between radiation and magnetic topology: the radiating
belt is observed where the plasma is shrunk due to the m=0 perturbation. The importance of
the m=0 structure is confirmed by discharges in the ULq configuration, where it is greatly
reduced and density can exceed the Greenwald value.

The radiating belt may be assimilated to the phenomenology of MARFES, observed in
Tokamaks and Stellarators. In RFPs also it corresponds to a progressive cooling down of the
plasma edge, radially extending towards the plasma core and with a dissipation locally
exceeding the total heat flux. However, in RFPs the onset of this thermal instability does not
end disruptively, but corresponds to a soft landing of the plasma discharge, associated to a
dynamo uncapable to sustain the current with the increased resistivity.

The open issue remains of the sustainment of a steady state high current RFP discharge at
high density, in particular in the highly performing QSH regime. The results discussed in the
paper suggest that a possible way relies on a strong reduction of the m=0 perturbation, which
is naturally achieved in QSH. At the same time, the operation at higher density can be
favoured by a better control of the wall conditioning and recycling reduction, (for example
applying techniques such as wall lithization), with a more efficient core plasma fuelling
(pellets). Experiments on these directions are ongoing.
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