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Outline In all major confinement devices (tokamaks, stellarators, spheromaks and reversed-

field pinches - RFP), a density limit has been found (Greenwald and Sudo limits). Results sum-

marized in [1] show that in the RFP high density does not cause a disruption, but a sequence

of phenomena leading to the disappearance of quasisingle helicity (QSH)/Single Helical Axis

(SHAx) [2], density increase, radiation condensation and fast resistive decay of the plasma cur-

rent. In this paper we discuss the coherence of the magnetic ripple and its effect on test particle

motion, and the impact of edge turbulent transport through "blobs". The competition between

collisional and turbulent transport may be envisaged to rule the observed density limit.

Figure 1:TSprofiles of temperature (a)–(d) and density (e)–(h) for a series

of discharges with increasing n/nG (left to right, n/nG = 0.28, 0.35, 0.44 and

0.6). Dashed line in (a)–(d) marks Te = 50eV.

PhenomenologyIn

Fig 1 temperature and

density profiles, mea-

sured by the main

and edge Thomson

Scattering (TS) diag-

nostics, are plotted

as a function of the

normalized poloidal

flux coordinateρ =

(ψp/ψp,w)1/2 [1] in

four different dischar-

ges with increasing

density (normalized to the Greenwald densitynG = IP/πa2). Edge TS density profiles

are calibrated absolutely, while those of the main TS are calibrated relative to the cor-

responding inverted interferometer profiles. There is an edge density increase, which is

poloidally symmetric (m= 0, see the good matching between inner and outer main TS

profiles) and toroidally localized atφ − φlock ∼ 100◦, being φlock the toroidal position

of the maximum coherent superposition ofm = 1 MHD modes (often called "slinky" or
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"locked mode"). By increasingn/nG the "ring" expands towards the plasma core. As it

is evident in Fig 1, the density increase is correlated with the widening of the radial

region at low temperature (<50 eV) where low ionization stages of impurities mainly

emit. As explained in detail in [1], all these observations are likely explained by a ra-

diative instability which increases resistivity and finally chokes the current. It is worth

noting that the coherence of them= 0 ripple increases as a function ofn/nG, as shown in Fig. 2

for them= 0 phase dispersion parameter∆n = ϕ0,n+1−ϕ0,n−ϕ0,1 [3] (∆ = 0 means maximum

coherence).

Figure 2:Distribution of the m= 0phase dispersion

∆n, n= 1−9, as a function of time for two different

discharges with (a) n/nG = 0.17and (b) 0.52

In this respect, by exchanging poloidal and

toroidal directions, the phenomenon of ra-

diation condensation in RFPs resembles the

MARFE in tokamaks [4]. Anyway, it is clear

that the radiative instability is only the final

outcome of a dynamical accumulation of den-

sity, toroidally localized and poloidally sym-

metric. Gas-puff imaging (GPI) [5] and inter-

nal system of sensors (ISIS) [6] blob toroidal

velocity measurementsvφ show the presence

of two null points: a source atφ = φlock anda sink (stagnation point) atφ −φlock∼ 100◦ [thera-

dial electric field averaged in the last 2-3 cm next to the wall,〈Er(r,φ)〉r = vφ ·Bθ , corresponds

to the GPI flowvφ and is plotted as a solid blue line in Fig 3(e)]. The flow of blobs is (within

a good approximation) the plasma flow itself [7]. We observe that the reversal ofvφ along the

toroidal directionφ̂ conveys the edge robust toroidal flux (≈1023 m−2 s−1, much larger than the

radial diffusive flux), to the stagnation point, where density accumulates, temperature decreases,

resistivity increases and plasma emits radiation.

Test particle simulationsTo study the modulation ofEr alongφ , 〈Er(φ)〉, the Hamiltonian

guiding center code ORBIT has been applied, using as input the eigenfunctions calculated from

the Newcomb’s equations in toroidal geometry [8]. Fig 3(e) shows the resulting Poincaré plot

(toroidal angleφ as x-axis,ρ as y-axis) for a discharge withn/nG = 0.8, at the time of the

density peak. A chain ofm = 0 islands is evident, with their O-points aligned in the vicinity

of the unperturbed reversal (horizontal, dashed green line), and shifted outwards or inwards

according to the toroidal modulation ofψp. At φ < φlock theislands are pushed towards the wall

(orange, dash-dot line in all frames), while atφ > φlock they are shifted towards the axis.
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Figure 3:(a)–(d): Travel times as a function ofρ for particles deposited atρ = 0.98 and at toroidal
angles corresponding to the labels (a)–(d) in frame (e); (e) Toroidal Poincarè plot with measured (solid)
and computed (dashed) electric field.

It is worth noting that the toroidal region marked by the letter (c) in Fig 3(e) is the region

where the plasma flow (electric field) reverts its direction and density peaks as a consequence in

region (d). It is therefore natural to study the radial motion of electrons and ions deposited near

the wall and in the vicinity of them= 0 islands marked by the letters (a)–(d) in the Poincaré plot.

Before considering particle motions near the edge, ORBIT has been upgraded in order to take

into account a recycling wall (in its standard configuration ORBIT has a perfectly absorbing

wall). Particles are deposited atρ = 0.98 and allowed to diffuse in any direction, under the

action of magnetic field and collisions with the bulk ions/electrons. If particles hit the wall,

they are bounced back by a gyroradius, and their pitch (normalized parallel velocity)λ = v‖/v

is re-initialized randomly. As an indicator of the radial transport we consider the "travel time"

τtrav, i.e. the time spent by 50%+1 particles to travel a prescribed radial distance from the initial

deposition point. The travel times for electrons and ions are shown in Fig 3(a)–(d). Electron

radial losses are much larger than ions in (a) and (b), since the "blue" islands [see Poincaré plot

in Fig 3(e)] act as a short-circuit for their trajectories; ions are comparatively less mobile and

reflect less the magnetic topology due to their larger drifts. As a consequence, a cloud of positive

charges forms next to the wall, and as a result the ambipolar field would be directed inwards,

which is the usual condition on the RFP [1]. This picture is changed only in the vicinity of the

"red" islands in (d), where the magnetic topology is different:m= 0 islands are smaller, more

conserved, topologically detached from the wall, and actually comparatively reduce the electron
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mobility. As a consequence,τtrav,e > τtrav,i . If we make a rough estimate of the radial electric

field required to balance the fluxes (Er = (Γe−Γ i)/(µi − µe) ∝ 1/τtrav,i −1/τtrav,e if µe � µi)

we obtain the dashed curve in Fig 3(e): this radial electric field is negative almost everywhere,

except for a region atφ > φlock, and approaches the measuredEr .

Role of turbulenceSince the convective toroidal fluxnvφ is always one order of magnitude

larger than the diffusive terms [1], as soon asEr reverts direction, there is density accumulation.

Figure 4:Parameter Pe= τe,i/τtr asa function of density

divided by Greenwald density.

A still open issue is why the reversal of

Er is seen experimentally in RFX-mod

only whenn/nG ' 0.35.

We can note that the trapping process

by blobs weakens as a function of colli-

sionality. We define as an indicator the

ratioPe= τe,i/τtr [9] between electron-

ion collision time and transit time of

blobsτtr = Lφ/Ṽ, beingLφ the toroidal

dimension of blobs and̃V the r.m.s. ofvφ , both measured by the GPI [7]. In Fig 4 we showPe

as a function ofnedge/nG: this parameter falls off from 0.5 to 0.01 whenn/nG ' 0.35, corre-

sponding to a change from 2 to 100 electron-ion encounters per blob transit. This shows that

at high density, collisions scattering particle trajectories are dominant in comparison to particle

trapping within blobs, changing transport towards a Bohm-like scaling. This change in the dif-

fusion regime could in principle have an impact in the edge radial transport that determinesEr .
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