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Introduction

The density of a thermonuclear plasma is a critical parameter, since the fusion power increases
as the square of density. Moreover particle transport contributes also to energy and momentum
losses and plays a role in plasma-wall interaction processes. This is the reason why a significant
deal of work of fusion science community is devoted to understanding particle transport.

A contribution to this research area comes from the study of particle transport in the
self-organized, helical equilibrium named Single Helical Axis (SHAX[1]) which is observed in
Reversed Field Pinch experiments. SHAX states appeared for the first time in high current
discharges (up to 2MA) of RFX-mod experiment, thanks also to the good control of the
magnetic plasma boundary obtained with the active control system peculiar of this machine.
When plasma enters the SHAX state is likely to develop electron internal transport barriers[2],
which result in the formation of strong gradients in the electron temperature profile and in
three-fold increase of confinement time with respect to standard plasmas[3].

Particle confinement studies in discharges where the plasma core is fuelled by means of pellet
injection have shown a reduction of particle transport during SHAX states[4]. Preliminary
transport analysis on plasma without pellet injection suggest that the particle diffusivity of
SHAX states is reduced with respect to the standard case [5]. They also show that the theory of
transport in stochastic magnetic field, which successfully describes the standard case, is not
suitable in the SHAXx case. Moreover impurity transport has been studied, turning out the
presence of an outward velocity that prevents the impurity accumulation in the plasma core [6].
In this work we analyse the dependence on the average density of density profiles and we
discuss the behaviour of particle transport coefficients in SHAX states of RFX-mod experiment.
In particular we show that the convective particle flow predicted by the theory of transport in
stochastic magnetic field [7][8] is systematically higher than that required to match the
experimental data, the particle diffusivity at the edge results to be strongly dependent on the
average density value.

Particle density profile

SHAX state usually develops in plasma with density n/ng< 0.30, being ng = Ip/(naz) the
Greenwald density, I, the plasma current and a=0.459 m the minor radius. A database of 10
plasma pulses, with 1, between 1.6 and 1.8 MA has been selected, at different average densities,
with good measurements of density profiles by the multi-chord interferometer and
reflectometer and of temperature profile with the multi-point Thomson Scattering
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Figure 1: inverted density profiles as a function of the radial A direct relation between the edge

helical flux coordinate p. gradient and the density level turns

out. In particular the normalized average density gradient Vngo/<ne>, computed from the edge
up to the 80% of the maximum density value, scales with the Greenwald fraction. Moreover
considering the normalized edge density gradient Vneg/<ne> (computed about in the last 3 cm of
the radius ) the presence of a flat region at the very edge (Vneg~0) for density below [0.10-0.12]
of the Greenwald fraction. The density value at which the transition occurs is not better
identified because of the lack of points in the present dataset. It is important to notice that data
are displayed as functions of n/ng even if, since I, is only slightly varying in the database, it is
not clear if the shape of the edge density profile is ruled by the Greenwald fraction or by the
average absolute density level. These results are summarized in figure 2, where the Vngp/<ne> is
plotted in black dots and the V.ed/<n¢> is represent by red diamonds. This behavior can be
explained by the presence of density coherent structures (blobs) at the edge of the plasma: it has
been observed that their average perpendicular dimension is directly linked with the local

electron pressure gradient [9].
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presence of an outward velocity associated with the positive density gradient. To investigate the
central and edge behavior of the density and the magnitude of the outward velocity, transport
simulations have been performed.

800 . : Density transport analysis: results and discussion
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Figure 3: (a) experimental temperature  data, minimizing the X2=E(Nexp - Nnum)zlcexpz ,

profile and (b) density profile (red :
inversion, black ASTRA simulation) for where  Nexp and  cexp are respectively —the

pulse 30810. Plot (c) and (d) display the ~ €xperimental line average density and its
diffusivity and velocity term. The dashed  measurement error and Nyym is the numerical line
ggﬁiggggﬁgt t?g rfﬁéonlgzgteifnvg‘fn fr?é density of the profile computed by ASTRA. The
steepest temperature gradient. sum is taken over the number of lines of sight of the
interferometer. Figure 3 displays the electron
temperature profile (a) and the resulting density profile in black (b) for plasma pulse 30810 (the
red line represents the inverted density profile). Plot (c-d) shows respectively the diffusivity
term and the total velocity. The %2 of the output density profile (~2.32) is comparable with the
2 of the density inversion (~2.97).
The global results of the transport analysis are reported in figure 4. Plot 4(a) shows the central
and edge diffusion coefficients: the D, value (blue square) decreases at higher n/ng, according
with the observation that the steepest edge gradient are obtained in higher density regime.
Moreover D, values shows a strong decrease, with a step dependence versus the density, for
n/ns=0.12, that turns out to be compatible with the density regime at which the edge density
gradient has its transition from flat to steep. The D, values in the transition region are affected
by larger error bars, highlighting the fact that for density in the range [0.10ng - 0.12ng] there is
a change in the transport regime. Anyway to clarify this point a larger dataset will be analysed.
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Figure 4: central (green full triangle) and edge (blue full squares) diffusion coefficients as a function of the
Greenwald density fraction. (b) outward velocity in the region of the internal energy transport barrier(black full
circle) compared with the outward velocity computed with the Harvey model, in the assumption of a stochastic
transport regime.

The Dy values (green triangle) are more scattered, not showing any clear dependence on the
density level: this is mainly due to the lack of particle source in the core and to the flat central
gradient that increases the uncertainty on this parameter, stated also by the larger error bars.
This fact does not means that the central energy transport barrier is not acting on particles, but it
is just showing that the stationary analysis is not able to resolve the central transport level with
sufficient accuracy: transport simulation following the density plasma time evolution will be
carried out to better determine the diffusivity in the core. Anyway the average Dy value are
more than halved with respect to the diffusion coefficients computed in standard regimes [11],
confirming the global beneficial effect on particle confinement of the SHAX configuration. Plot
4(b) displays the outward velocity as a function of the normalized temperature gradient on the
energy transport barrier. The outward velocity, in full black circle, does not show a dependence
from the normalized temperature gradient, having an average value of about 10 m/s, a part one
cases that has an anomalous behaviour, with Vo, = 40 m/s. On the same plot is over imposed
also an estimation of the ambipolar outward velocity V.mp, computed in the assumption of
transport in a stochastic magnetic field. It turns out that V,m, is larger (beyond the error bar)
than the actual outward velocity, confirming that the transport due to stochasticization of the
confining magnetic field does not describe the RFP plasma in SHAX state.

References

[ 1] R.Lorenzinietal., Nature Physics VVol.5 (August 2009) 570-574

[2] R. Lorenzini et al ,Nucl. Fusion 52 062004 (2012)

[3] F. Auriemma et al., 38" EPS Conference on Plasma Physics (2011) P5.122

[4] D. Terranova et al., Nucl. Fusion 50 035006 (2010)

[5] 53rd Annual Meeting of the APS Division of Plasma Physics Vol. 56, 16 PO4.00009

(6] S.Menmuir et al. Plasma Phys. Control. Fusion 52 095001 (2010)

[7] A.B. Rechester and M.N. Rosenbluth, Phys. Rev. Lett. 40, 1 (1977)

[8] Harvey, R. W, et al., Phys. Rev. Lett., 47(2):102-105 (1981)

[9] M. Agostini 36th EPS Conference on Plasma Phys.(2009) P-2.179

[10] G. V. Pereverzev, et al. Max-Planck Institut fur Plasmaphysik, IPP-Report 5/98, 02/2002
[11] D. Gregoratto et al.,Nucl. Fusion 38 1199 (1998)



