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Abstract

This paper summarises recent physics results obtained in T31 in the areas of stability, confinement and transport
and fluctuations studies. T3l is alow shear, four period stellarator (heliac type, R=1.5 m, a<0.21 m, B,<1.2 T)
with high degree of flexibility, that allows to control, ailmost independently, the rotational transform profile and
the magnetic well across the plasmaradius.

1. Introduction

This paper summarises recent physics results obtained in TJII" in the areas of stability,
confinement and transport and fluctuations studies. They have been obtained in plasmas
produced by up to 600 kW of ECH (at a frequency of 53.2 GHz, 2™ harmonic, X-mode of
polarisation). In these plasmas the line-averaged density is up to 1.2 10" m?, the electron
temperature at the centre of the plasmais up 1.5 keV and the ion temperature about 0.1 keV.
The thermal energy content is up to 0.6 kJ and the net plasma current (in absolute value) is
lower than 1 kA.

2. Stability studies and configurational effects

Magnetic well is the main stabilising mechanism in TJ11% Due to the flexibility of the TJII
configuration, the magnetic well depth may be modified over a broad range of values, i.e.
from 0% to 6 %, while the radial extent of the magnetic well can aso be strongly modified.
Recent experiments have shown that, as expected from the theoretical point of view, the level
of edge fluctuations and the degree of intermittency show a significant increase when
magnetic well is reduced in the TJ1I stellarator®. Fluctuation-induced ExB particle transport
has been computed in the edge of plasmas in different magnetic configurations changing the
magnetic well depth. Results show that the turbulent flux decreases as the well is increased.
Electron density profiles measured by reflectometry during the magnetic well scan show a
widening of profiles and an increase of the gradient as the magnetic well increases*.

MHD instabilities coupled together to ELM-like® transport events have been observed in the
T stellarator’. During the last experimental campaign some specific experiments have been
carried out in order to investigate the influence of the presence of low order resonances in the
confined plasma region, on the occurrence of ELM-like®. The iota profile has been modified
in discharges with similar pressure profiles by two different methods: configuration scan by
fine tuning of the external coil currents and electron cyclotron current drive in co and counter
directions. It has been concluded that the appearance of ELM-like transport events requires
the presence of a low order resonance in the confinement region. These events are larger
when the resonance is close to the shoulder of the density profile.

Cold pulses have been generated in TJ1I using nitrogen injection by means of afast injection
system.® The response of the ECE radiometer temperature traces consists in a sudden drop



followed by a slow recovery. The time of arrival of the cold pulse front to a certain position
inside the plasma can be considered a probe of the transport properties of the unperturbed
plasma. The analysis show that the propagation speed is of the order of v = 10-20 m/sin the
outer half of the plasma (p > 0.4), whereas it speeds up to around v = 50-80 m/s in the central
part (p < 0.4). This behaviour is not at all in accordance with diffusive propagation, which
would slow down as it propagates (travelled distance < Vt). The frequency analysis of a
Mirnov coil signal shows that a 43 kHz MHD mode is triggered at the time the cold pulse
reaches the plasma core (i.e. when it arrives at p = 0.3-0.4). Most likely, the modeisan/m =
3/2 mode. The central value of 1 of the vacuum field configuration, 1 =1.51, isjust above this
value. However, in these experiments a small net plasma current was measured by a
Rogowski coil (I, = —0.2 kA), placing the 1 = 3/2 rational surface at approximately p = 0.3,
consistent with the existence of the mode. Qualitatively, the pulse propagation behaviour is
very similar to the pulse propagation seen in a simulation of resistive pressure-gradient driven
turbulence in cylindrical geometry. Thus, the most likely explanation for the observed
propagation of the cold pulse front is the sequential triggering of pressure-gradient driven
modes, in an avalanche-like fashion.

3. Confinement studies and configurational effects

Magnetic surface mapping

The range of explored magnetic configurationsin TJ-I1 has become wider as the coil currents
upper limits have been approached. As shown all along the present paper, a very precise
knowledge of the magnetic topology is being required in order to interpret many of the
experimental results. As a consequence, an additional extended campaign of magnetic surface
mapping experiments (more than fifty new configurations) has been performed with the main
goal of checking the validity of the magnetic field model built up in the TJ-Il start-up
phase'®™. The measured magnetic surfaces show an excellent agreement with the predictions.
Global energy confinement

TJII stellarator dataset has been compared with the data from other stellarators included in
the International Stellarator Scaling (1SS95) database™*. TJ-Il global energy confinement
time and plasma parameter dependencies are consistent with 1SS95 predictions.

Radiation asymmetry

Intermittent toroidal asymmetries in the plasma edge emissivity have been detected in the TJ-
Il plasmas'. As the asymmetries reveal variations in the wall desorption near the gyrotron
port, the toroidal radiation asymmetry is interpreted in terms of a sudden increase of ECRH
driven convective flux of ripple-trapped suprathermal electrons. Observations suggest that the
magnetic structure may play arelevant role in moderating the ripple losses®™.

Impurity injection experiments

First impurity injection experiments by the laser ablation technique have been carried out™.
The main goal of these experiments is to explore the existence of non-exponential relaxation
in TJI1. Such behavior has been associated with the presence of particle trapping and de-
trapping whose occurrence in a plasma might be associated with the presence of small island
chains across the radius. First results suggest that this perturbation can be analyzed by a
stretched exponential while particle confinement times of up to 100 ms have been observed
Transport and fluctuations studies

A transient behaviour has been observed in the plasma core of TJ1I with fast drops in the
electron temperature”*®, Changes in the line-averaged density occur synchronised with
temperature drops. The transient behaviour resembles both, the electric pulsation discovered
in CHS and the “electron root” feature reported by the W7-AS team. In TJI1l, the fast
spontaneous transitions appear related to the magnetic topology in conditions of fixed plasma
density and ECH power. The flexibility and low magnetic shear of TJIl have allowed the
identification of the plasma current as the control parameter for the appearance of this



phenomenon. The results obtained during the magnetic configuration scans carried out in TJ-
Il points to the hypothesis that the transient behaviour is connected with the presence of a
rational surface close to the plasma centre. Equilibrium calculations performed with the
VMEC code reinforce this hypothesis. In spite of the connection rational/transient found, the
physical mechanism causing the transport change remains unknown. It seems reasonable to
consider that the rational surface is affecting the radial electric field, as discussed in the next
paragraph.

The presence of natural resonances has clearly been observed as a flattening in the edge
plasma profiles of the TJIl and LHD stellarators®®. Structures in plasma profiles have been
observed in the case of low-order rational surfaces (n=8/ m=>5,n=4/m =2) in TJII. Both
in TJIl and LHD devices there is a significant variation in plasma potential just outside the
flattening region. These results have been interpreted as an increase of the sheared ExB flow

linked to the radial location of rational surfaces. The resulting radial gradient (dEy/dr) B-1 can

reach values of about 10° s1 and this value turns out to be comparable to the inverse of the
decorrelation time of fluctuations usually measured. Recent experiments in TJ-I1 stellarator
have shown that the local ExB fluctuation induced fluxes are significantly modified in the
proximity of rational surfaces™. In the case of measurements taken in the proximity of the
n=4/m=2 (1/2r= 2) resonant surface, located near the plasma boundary, the local ExB
fluctuation particle flux shows a reverse direction (from outwards to inwards). The absolute
value of the measured local ExB transport is similar in both cases with (inward) and without
(outward) transport. This modification is due to a change in the phase relation between
density and electric field fluctuations. Although the mechanism responsible of the observed
inward transport has not been identified, it may be related with the presence of convective
cellslinked to rational surfaces. The fact that no significant differences are found in the global
confinement strongly suggests alocal nature of the measured turbulent transport.

In this context the relevance of the HIBP (Heavy lon Beam Probe) diagnostic appears
absolutely clear. First plasma potential measurements by the HIBP have already been
obtained in TJI1% An important improvement in the signal to noise ratio allows the
measurements of plasma potential fluctuations, with resolution better than 20 V. It has been
found that plasma potential depends on plasma density: as plasma density increases, plasma
potential decreases. Localised bursts in fluctuations have been observed which might be
related to the presence of arationa surfaces, namely, n=2, m=3.

Improved confinement modes

An enhanced particle confinement regime (EPC) has been found for TJ-11 plasmasin al metal
scenario®. It consists of a spontaneous transition to a highly peaked density profile mode that
leads to a decay of the electron density in the edge region and to an increase of the total
particle content. It corresponds to an enhancement of the global particle confinement of a
factor up to 3. The EPC has been found almost independent of heating power and density in
hydrogen plasmas. The only external requirement to be fulfilled seems to be an electron
density value over a certain threshold (0.65 * 10" m™), together with a given puffing
waveform. The critical density is basically constant for all heating powers and magnetic
configurations. As ageneral rule, no transition has been observed in He plasmas for constant
heating power.

Another type of spontaneous improvement in particle and, also, energy confinement has been
observed in some TJIl plasmas using the fuelling rate from the wall as the only external
knob?. The spontaneous transition to an improved regime isidentified by a sudden increase in
the electron and ion temperatures and electron density. At the same time, the temperature and
density measured by Langmuir probes at the limiter drop.



Recent experiments have been conducted in TJIl trying to control plasma and energy
confinement time by means of a small toroidal current (I, < 5 kA) induced with the air core
transformer®. It has been found that confinement improves when the current is in opposite
sense to the toroidal field (negative, according to the usual criterion) and vicecersa. Among
several possible explanations, the experimental results favour magnetic shear as the main
cause of the confinement changes.

5. Conclusions

Magnetic well scan experiments have shown that turbulent transport and fluctuations increase
as the well is decreased. Density profiles and global confinement are also modified with
magnetic well.

Low order rationals present in the iota profile have a clear influence in several MHD and
transport related processes observed in TJ11: ELM-like events are associated with a rational
at the density gradient region. The observed transient behaviour in the core region is
connected with the presence of arational surface in the plasma centre. Cold pulse propagation
(much faster than expected from pure diffusion) can be explained in terms of successive
triggering of instabilities at different rational surfaces. Indications of trapping and de-trapping
processes associated with the presence of rational have been observed also in radiation
profiles and dedicated impurity injection experiments. Local ExB fluctuation induced fluxes
are significantly modified near rational surfaces. The possibility of measuring the electric
field perturbations associated with the rational surfaces by means of the HIBP diagnostic
gives THII aprivileged position in this research area.

TJI11 global energy confinement time and as well as iota-scaling are consistent with 1SS95
predictions.

Several enhanced particle and energy confinement modes have been observed in TJII. In
some cases they are related with the fuelling rate. In others they seem to be governed by the
magnetic shear
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