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Abstract
This work deals with the results on flow dynamics in TJ-II plasmas under Li-coated wall conditions, which produces
low recycling and facilitates the density control and access to improved confinement transitions. The low-density
transition, characterized by the emergence of the shear flow layer, is described from first principles and within
the framework of neoclassical theory. The vanishing of the neoclassical viscosity when approaching the transition
from below explains the observation of a number of turbulent phenomena reported in TJ-II in recent years; a
unifying picture is provided in which zonal, i.e. large scale, radially structured, perturbations are observable when
the neoclassical damping is sufficiently small. Preliminary linear, collisionless gyrokinetic simulations are carried
out to assess that the measured time scale of relaxation of such perturbations is reasonably understood theoretically.
In higher density regimes, the physical mechanisms behind the L–H transition have been experimentally studied.
The spatial, temporal and spectral structure of the interaction between turbulence and flows has been studied close
to the L–H transition threshold conditions. The temporal dynamics of the turbulence-flow interaction displays a
predator–prey relationship and both radial outward and inward propagation velocities of the turbulence-flow front
have been measured. Finally, a non-linear relation between turbulent fluxes and gradients is observed.

(Some figures may appear in colour only in the online journal)
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1. Introduction

It has been observed in stellarators and tokamaks that, under
certain conditions, fusion plasmas can undergo transitions
between two states such that one of them possesses remarkably
better confinement properties than the other (see the review
paper [1] and references therein). Understanding and
controlling confinement transitions is, obviously, of the
utmost interest to harness fusion energy. The transitions
are commonly linked to the development of what is called
a transport barrier [2]. Nevertheless, we are still far from a
complete knowledge of the underlying mechanisms for the
formation of such barriers, although the emergence of sheared,
toroidally and poloidally symmetric flows is recognized to
have an important role in the formation of the barriers [3]
(due to their capability to reduce turbulence). Both the
long- and short-wavelength components of the radial electric
field seem to be relevant for the physics of the transition.
The long-wavelength piece in non-quasisymmetric stellarators
is determined from neoclassical theory [4]. The short-
wavelength or zonal component is associated with turbulent
phenomena; in particular, it is observed shortly before
confinement transitions and it is able to regulate transport [5].
The question of the extent to which turbulence can modify
plasma rotation via momentum transport has been an active
research topic in the last years [4–6]. In this overview paper
we contribute to the above programme by reporting on recent
advances in the understanding of plasma flow dynamics, in
particular, in connection with TJ-II confinement transitions.

We first study the behaviour of mean and fluctuating flows
in low-density TJ-II plasmas where the features mentioned
above are present. In this regime, we observe mean
flows measured by charge-exchange spectrometry that are
correctly predicted by neoclassical theory [7]. On the other
hand, zonal-flow (ZF)-like structures are also systematically
observed [8] and, by means of a novel decomposition
technique [9], we are able to study their dynamics. These
measurements have been compared with linear simulations
performed with the gyrokinetic code EUTERPE [10], which
yield collisionless damping times similar to those deduced
from the experiment [6, 11]. Finally, mean and fluctuating
flows have been studied together during the so-called low-
density confinement transition. At a given density, the radial
electric field Er changes from positive to negative close
to the edge, which generates a sheared Er profile, and a
particle transport barrier is generated. During this process
an amplification of external perturbations of the Er × B

velocity shear during the transition is measured experimentally,
in good agreement with the predictions of several models
for this bifurcation [12]. Immediately before the transition,
the level of turbulence associated with low-frequency, long-
range-correlated (LRCed) electrostatic potential structures has
a peak. The evolution of the mean and fluctuating flows can
be understood as a result of the change of the neoclassical root
and the corresponding vanishing of the neoclassical viscosity,
respectively [13].

Similar features, i.e. the formation of a sheared mean
radial electric field and emergence of toroidal long-range
correlations, are observed during confinement transitions to
H-mode. The H-mode regime has been extensively studied

since its discovery in the ASDEX tokamak [14]; however,
the physical mechanism triggering the H-mode has still not
been clearly identified. Bifurcation theory models based
on the coupling between turbulence, ZFs driven by the
Reynolds stress, and equilibrium E × B flow, describe the
L–H transition passing through an intermediate, oscillatory
transient stage [15]. ZFs trigger the transition by regulating
the turbulence until the mean shear flow is high enough to
suppress turbulence effectively, which in turn impedes the ZF
generation. Due to the self-regulation between turbulence and
flows, the transition is marked by an oscillatory behaviour
with a characteristic predator–prey relationship [16] between
turbulence and ZFs. This intermediate oscillatory transient
stage, often called I-phase, is seen in the L–H transition
experiments in several devices [17–24]. In these experiments,
as in the predator–prey theory model [15], only the temporal
dynamics of the turbulence-flow interaction has been studied.
However, as reported in [25], the spatial evolution should also
be taken into account as a necessary step towards a model
for the L–H transition. This fundamental issue has been
recently addressed in TJ-II [26]. In addition, experiments
have been carried out to investigate the spectral structure
of the turbulence-flow interaction during the predator–prey
process [27]. A cause–effect relationship has been identified
between a proper location of magnetic resonances and the
establishment of shearing flows: back and forth transitions are
affected by real time control of the magnetic configuration [28].
The impact of magnetohydrodynamic (MHD) activity in the
formation of transport barriers is therefore a current matter of
study [29].

Finally, it is shown experimentally that there is a complex
interaction between the turbulence driven flows and the
transport that produces a non-linear dependence between the
fluxes and the gradients of the plasma.

The rest of the paper is structured as follows. Section 2
describes the flow dynamics in low-density plasmas, section 3
summarizes the turbulence-flow interaction at the L–H
transition and section 4 shows the dynamics of plasma
gradients and transport. Finally, some conclusions are
presented in section 5.

2. Flow dynamics in low-density TJ-II plasmas

Due to its high ripple and lack of symmetry, TJ-II displays
a strong damping of flows in all directions towards a value
set by the neoclassical ambipolarity and parallel momentum
balance conditions. Unlike in the axisymmetric tokamak [30]
or quasisymmetric stellarator [4], these two conditions are
independent in non-symmetric devices and provide predictions
for the radial electric field (and hence the poloidal flow) and
bootstrap parallel flow.

On the other hand, low frequency, flux-surface-collective,
ZF-like, E × B flow fluctuations are consistently observed
near confinement transitions [8, 31], which suggests that, under
those conditions, turbulent-driven flows can overcome the
neoclassical damping. These collective oscillations produce a
high level of correlation between two distant measurements of
floating potential on the same flux surface. This characteristic
has been reported in both tokamaks and stellarators [32].
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In the following subsections, we overview recent
experimental and theoretical effort in TJ-II focused on the
measurement and calculation of mean flows and on the study
of the dynamics of ZF-like structures in the vicinity of the
so-called low-density transition. We first show that the mean
plasma flows within the flux surface are correctly predicted by
neoclassical theory. We then provide a fundamental picture
of the behaviour of the mean and oscillating flows during the
transition through the vanishing of the neoclassical viscosity.
Finally, we show experimental measurements and gyrokinetic
simulations describing the drive and damping of ZF-like
structures. We will see that this plasma regime offers a unique
framework for the comprehensive understanding of flows in
stellarators, and some of the conclusions can be extrapolated
to other regimes.

2.1. Incompressible flows in low-density plasmas

Flow velocities of fully ionized carbon are measured by means
of charge-exchange recombination spectroscopy (CXRS)
diagnostic. The system is equipped with poloidal and toroidal
outboard sightlines, and a set of inboard toroidal sightlines,
thus providing redundant velocity measurements within the
same flux surface. Such a redundancy has been used in [7] to
show that the spatial variation of the flow is consistent with
a divergence-free flow tangent to magnetic surfaces, for low-
density plasmas. In addition, good quantitative agreement has
been found between measured and neoclassical radial electric
fields. Furthermore, a comparison of impurity parallel rotation
with the neoclassical bootstrap contribution to the parallel
flow has been carried out for the first time in TJ-II, showing
consistency with the calculations in the absence of external
momentum input.

2.2. The low-density confinement transition

In low-density plasmas of TJ-II, at a line-averaged electron
density of about ncr = 0.6 × 1019 m−3, the radial electric field
changes from the electron root (positive Er ) to the ion root and
a particle transport barrier is generated. This is the so-called
low-density transition that happens as a result of changing
the density through a critical value and is characterized by
an improvement of the confinement (see [33] and references
therein). Identical transitions can be forced by driving a
potential in the edge of the plasma. In order to explore deeper
into these phenomena, a large set of discharges with both
spontaneous and forced confinement transitions at low electron
density were studied in different magnetic configurations. By
means of a Bayesian technique [34], using reflectometry and
interferometry, electron density profiles were reconstructed in
the outer half of the plasma. A scanning heavy ion beam probe
delivered information on the global evolution of the plasma
potential. Langmuir probes were used to measure long-range
correlations.

Motivated by works in the literature [35, 36] in which the
emergence of the E × B velocity shear is interpreted as a
second-order transition, a series of experiments was carried
out to investigate the evolution of the velocity shear across the
transition under the effects of an oscillating Jr × B external
force introduced by dynamically biasing an electrode in the
edge of the plasma. Such a study is described in [12], where

Figure 1. External perturbation amplification: from bottom to top,
Er × B velocity shear measured by Doppler reflectometry (black
triangles), by probes (blue triangles) and amplification of both
signals, normalized to its average pre-transition value ([1080-1200]
interval). The proximity of the transition is indicated by the distance
between line density and its critical value (|ne − ne,trans|, green line).
(Reprinted with permission from [12]. Copyright 2012, IOP
Publishing Ltd.)

the evolution of the velocity shear is measured with a radial
array of Langmuir probes and a Doppler reflectometer. Among
other results, a clear increase in the plasma response to the
applied perturbation was observed on both diagnostics as
the density approached the critical point for the confinement
transition (see figure 1). Furthermore, a comprehensive
picture was obtained of the evolution of various key global
plasma profiles and parameters across forward and backward
transitions associated with the formation and disappearance of
a sheared flow layer in the plasma edge region. The influence
on the transition dynamics of flux surfaces with low order
rational values of the rotational transform was also studied [33].
Low-frequency MHD mode activity during these low-density
confinement transitions was also studied [37]. Within these
studies, a spatiotemporal Fourier technique was used to resolve
frequency-degenerate modes. By means of this technique,
several MHD modes could be identified in discharges with
a spontaneous confinement transition in different magnetic
configurations, which differed mainly with respect to the
radial distribution of the rational surfaces. This allowed the
reconstruction of a poloidal mode rotation profile based on
the mode activity, which was found to be consistent with
earlier work. The detected mode spectrum also provided
an explanation for the bicoherence observed in one of the
configurations after the confinement transition. Both the mode
spectrum and the velocity profile were closely reproduced by
non-linear resistive MHD calculations in simplified geometry
(see figure 2).

3



Nucl. Fusion 53 (2013) 104016 J. Sánchez et al

-1 104

-8000

-6000

-4000

-2000

0

2000

4000

-5000

-4000

-3000

-2000

-1000

0

1000

2000

0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9

v θ
  (

m
/s

) v
perp  (m

/s)

ρ

Figure 2. Comparison of the poloidal velocity (left Y -axis)
measured by two different techniques with simulations based on
resistive MHD. Round blue symbols: estimated poloidal mode
rotation velocity profile deduced from the detection of rotation
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confinement transition. Red square symbols: Doppler reflectometry
velocity profile. Continuous line: velocity profile from non-linear
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Figure 3. Calculated Er profile for representative times. Lines are
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positive and the arrows indicate the time evolution of the profile.
(Reprinted with permission from [13]. Copyright 2012, American
Physical Society.)

2.3. Vanishing of the neoclassical viscosity at the low-density
transition

The formation of a mean (i.e. slowly time varying) sheared
radial electric field close to the edge is considered a key
ingredient in confinement transitions. Additionally, prior to
the transition, both the level of turbulence and E × B flux are
seen to increase, and this has been shown to be associated with
long-range correlated potential structures. These structures
have been observed both in the low-density transition [8] and
in the L–H transition [31]. Both the mean and fluctuating radial
electric field have been studied for the low-density transition
from the neoclassical point of view in [13]. The drift kinetic
equation is solved employing slowly varying time-dependent
profiles that mimic an experimental density ramp-up through
ncr . The calculated dynamics of the mean Er and its shear
(figure 3) is in very good agreement with the experiments [38]:
we predict the formation of a shear associated with the change
of root, which starts to develop close to the edge for a given
density, and ‘propagates’ inwards following the density rise

Figure 4. Difference between the electron and ion particle fluxes as
a function of Er at ρ = 0.7 for several representative times.
(Reprinted with permission from [13]. Copyright 2012, American
Physical Society.)

Figure 5. Density dependence of the neoclassical viscosity during
the transition. ncr is locally defined as the n at which Er passes
through 0. Inset: frequency dependence of the neoclassical damping
for several values of νp (A(ω) is the quotient between the intensity
of the fluctuations and the intensity of the driving term). (Reprinted
with permission from [13]. Copyright 2012, American Physical
Society.)

(note that, at the position of the change of root, we cannot be
confident of the absolute value of the shear, since we neglect
the shear viscosity [39]). In our simulation, the change of root
takes place when the electron root disappears; the evolution of
Er given by this procedure is very close to the one obtained by
a thermodynamical criterion (see e.g. [39]) and it is much less
computer-time-consuming.

Since the evolution of the plasma profile is slow enough,
the assessment of the extent to which turbulent transport
modifies the neoclassical E × B rotation can be performed
by Taylor-expanding the non-ambipolar radial fluxes around
the ambipolar Er (see figure 4, where the dependence of
the neoclassical radial current on Er has been estimated
in additional calculations for several selected times). A
neoclassical viscosity νp can then be defined as the linear
coefficient in this expansion, [�e −�i](Er) = −νp(Er −E0

r )+
O((Er − E0

r )
2). Note that E0

r is the closest stable solution of
the ambipolar equation, i.e. the one around which the system
is. This scalar viscosity is indeed a linear combination of
the elements of a viscosity matrix [40] which contain the
information of the magnetic topology. The viscosity can be
interpreted here as the restoring force that drives the system
back to ambipolarity. The neoclassical viscosity vanishes
as the critical density is approached (see figure 5). This
picture allows us to interpret from first principles a wealth
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analysis technique, based on singular value decomposition, we refer the reader to [9]. (Reprinted with permission from [9]. Copyright 2012,
IOP Publishing Ltd.)

of experimental observations: the peaking of the relaxation
time in biasing turn-off experiments [41] and the increase in
the amplitude in the modulated Er in low-frequency biasing
experiments of the previous subsection [12].

The observation of low-frequency oscillating Er prior to
the change of root [8] can be interpreted as follows: low-
frequency oscillations of Er , and particularly ZFs, are strongly
damped by neoclassical viscosity in TJ-II plasmas (A(ω) in
the inset of figure 5 is the quotient between the intensity of
the fluctuations and the intensity of the driving term), and their
amplitude is small. It is immediately before the change of root,
when the neoclassical viscosity vanishes, that these ZFs are
undamped, as experimentally observed. This picture should
be valid for other non-quasisymmetric stellarators. Although
L–H transitions have been sometimes modelled as a bifurcation
of the neoclassical ambipolar condition [42], no change in
root has been observed in TJ-II high-density plasmas [43, 44].
Therefore, other ingredients are needed to understand the
phenomenon.

2.4. ZF-like structures in low-density plasmas

The dynamics of fluctuating electric field structures in the
plasma edge, that display ZF-like features, has been studied.
These structures have been shown to be global and affect
particle transport dynamically (see figure 6) [9]. The
combination of singular value decomposition and conditional
average techniques reveal the characteristic floating potential
profile modulations and how these excursions typically
proceed in time (figure 7). The so-extracted collective
ZF component shows a clear anti-correlation with all
H-alpha signals around the device and provides direct
evidence of dynamic particle transport regulation by ZF-like
structures.

The use of a 2D array of Langmuir probes in these
measurements allowed us to simultaneously extract the
electrostatic turbulent momentum flux (Reynolds stress, RS).
This time trace displays acceleration events capable of
producing the observed electric field excursions. However,

Figure 7. E × B velocity excursion at ρ = 0.88, showing a decay
time of ∼25 µs. (b) Comparison of the inferred forcing with the
measured RS acceleration. The probability distribution function
(PDF) of the RS acceleration shows the events capable of providing
excursions like the one in (a). (Reprinted with permission from [6].
Copyright 2013, IOP Publishing Ltd.)

no causal relationship could be established between those
excursions and the locally measured RS (see [6]).

Gyrokinetic simulations with EUTERPE have been
carried out to assess the damping mechanisms and compare
them with the observed conditionally averaged decay times.
They predict values (∼25 µs) in the range of the measured
decay times (∼20 µs) [6]. These studies open up the possibility
to perform non-perturbative studies of the effective viscosity
and its relation with the magnetic configuration.
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2.5. Collisionless relaxation of ZFs

The evolution of ZFs in stellarators has to be studied in the
framework of gyrokinetic theory [45, 46]. In this subsection
we report linear gyrokinetic simulations performed with the
code EUTERPE [10] for the TJ-II stellarator in the collisionless
regime. It was shown that an initial zonal potential perturbation
has a long time relaxation in qualitative agreement with
the theory [47, 48]. A first transitory phase, dominated by
GAM-like oscillations, is followed by a long term evolution
dominated by low-frequency oscillations (LFO) that are slowly
damped [11]. The dependence of these GAM and LFO with
temperature has been studied, showing agreement with theory
(see figure 8). The residual ZF level is quite small as expected
for a non-quasisymmetric stellarator from the theory [4], when
no external electric field is included in the simulation. If
a neoclassical electric field is included in the simulation,
the residual level increases with the ambient electric field
strength [49] and the oscillation frequencies are also modified,
in agreement with the theory [50]. A shear in the electric
field contributes to a larger smoothing of the oscillations.
The LFO calculated in the plasma edge are in the frequency
range that dominates both the long-range correlations found
in potential signals, measured at the low-density transition by
Langmuir probes [8], and the flow oscillations measured at
the L–H transition [31, 51]. The dependence of the oscillation
frequency and the residual level with the radial scale of the
initial perturbation has been studied as well, showing that
the residual level increases with the radial wavenumber of
the initial perturbation [52]. The LFO is also modified
until it disappears for sufficiently small wavelengths, thus
giving a fast decay of the initial perturbation. The decay
times observed in simulations at the plasma edge (∼25 µs)
(figure 9) are comparable to those observed in Langmuir probe
measurements [9]. The ZF relaxation in the linear collisionless
limit in TJ-II has also been studied by semi-analytical
calculations [53], following [47]. A qualitative agreement
between simulations and semi-analytical calculations has
been found.

3. Turbulence-flow interaction at the L–H transition

L–H transitions in TJ-II are achieved in pure neutral beam
injection (NBI)-heated plasmas under Li-wall conditions [54].
Operation with Li-coated wall has been the basis for a
significant improvement in the performance of TJ-II. Li coating
has allowed reaching density control and diminishing the
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Figure 9. Results of gyrokinetic simulations of ZF relaxation
showing the radial electric field, for the TJ-II standard configuration
at several radial positions. The initial (small scale) perturbation is
δf ∝ fM cos(16πs), the ne and T profiles are typical from electron
cyclotron resonance heating (ECRH) experimental discharges and
the neoclassical electric field is included [52].

neutral population, especially in the edge. Experiments
are ongoing using a solid bar of lithium with biasing and
displacement capabilities and a liquid lithium limiter (LLL)
based on the capillary porous system (CPS) to study specific
features of plasma–lithium interactions [55–57].

In general, the plasma undergoes a fast direct transition
from L- to H-mode [51]. ELM-like events of different sizes
are often observed in magnetic diagnostics, along with particle
expulsions, which can be noted as Hα bursts, and other effects
that have been identified with the presence of low order rational
values of the rotational transform, much like in tokamak
phenomenology [29].

As observed in other devices, close to the transition
threshold conditions at specific magnetic configurations,
the so-called intermediate-phase (I-phase) is observed with
pronounced oscillations in both the E × B flow and the
density fluctuation level, measured right inside the E×B shear
position. As an example figure 10 shows the time evolution
of the plasma density, the estimated NBI absorbed power, the
plasma energy content and the Hα signal together with the
spectrogram of the Doppler reflectometer signal measured at
ρ ≈ 0.8. At the transition from the L-mode to the I-phase, the
Hα drops, the plasma energy content and the density increase
and the spectrogram of the Doppler reflectometer signals show
an increase in the Doppler peak frequency and the onset of the
oscillations. The oscillations appear as changes in the intensity
and frequency of the Doppler peak, and show a predator–prey
relationship between turbulence and flows, with the flow—the
predator—following the turbulence—the prey—with a phase
delay of 90◦ as in a limit-cycle [21]. The repetition frequency
of the oscillation pattern drops along the plasma discharge
as the line density increases. Moreover, the Er oscillation
amplitude decreases while that of the density fluctuation level
increases. These observations can be explained based on
the collisional damping of flows, which eventually sets the
turbulence level [25]. The radial profile of E×B flow changes
from a rather flat profile in L-mode in the radial range from
ρ = 0.60 to 0.85 to a sheared one during the oscillating I-phase
with the E × B shear located at ρ ≈ 0.82. The Er profile in
L-mode agrees qualitatively with the neoclassical predictions
although these ones systematically underestimate the value of
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Figure 10. The time evolution of line-averaged plasma density,
estimated NBI absorbed power, plasma energy content and Hα

signal (top) and spectrogram of the Doppler reflectometer signal
measured at ρ ≈ 0.8 (bottom). At t ≈ 170 ms, the transition from
the L-mode to the I-phase is observed: the Hα drops, the frequency
of the Doppler reflectometer signal increases and the oscillations
start. (Reprinted with permission from [26]. Copyright 2011,
American Physical Society.)
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indicates the radial location of the Er -shear. (Reprinted with
permission from [26]. Copyright 2011, American Physical Society.)

|Er | [58, 59]. The influence of non-local effects on the ion
radial transport is currently under study.

During the I-phase, the Er well measured at the maximum
of the oscillations, with an amplitude about 10 kV m−1, shrinks
in each limit-cycle and an inner shear layer is measured at
ρ ≈ 0.75. The TJ-II Doppler reflectometer [60] measures
simultaneously at two radial positions; therefore, it is possible
to obtain information on the radial propagation characteristics
of the turbulence-flow front [26]. The analysis yields radial
outward and inward propagation velocities within the range
50–200 m s−1 with a radial trend as shown in figure 11. The

results indicate that the edge shear flow linked to the L–H
transition can behave either as a damping mechanism of
outward propagating turbulent-flow oscillating structures, or as
a source of inward propagating turbulence-flow events. These
results show the need to study L–H transition within a 1D
spatiotemporal framework [25].

The spectral structure of the turbulence-flow interaction
has been measured during the I-phase allowing the
identification of the relevant turbulence scales involved
in the turbulence-flow predator–prey process [27]. The
perpendicular wavenumber range covered in these experiments
is k⊥ : 3–15 cm−1 and the corresponding normalized
wavenumber range is k⊥ρs : 0.4–3.0, where ρs is the ion
Larmor radius evaluated at electron temperature.

Figure 12 (left) shows the perpendicular wavenumber
spectra of the density fluctuations measured during the
I-phase: extreme values of the density fluctuation level are
represented and labelled as Shigh and Slow. The comparison
between Shigh and Slow shows a rather well defined wavenumber
range where the oscillation in the turbulence level is maximum,
k⊥ : 6–12 cm−1. At shorter and longer scales, almost no
oscillation in the turbulence level is detected. The turbulence
wavenumber spectrum has also been measured in H-mode and
compared with that measured in L-mode [61]. As it can be
seen in figure 12 (right), a turbulence reduction in the whole
wavenumber range was measured at the L–H transition, being
more pronounced at intermediate scales. These observations
together with the turbulence behaviour found during the I-
phase are consistent with the bifurcation theory model of
the L–I–H transition [15, 25]. Under the transition threshold
conditions, a ZF-driven by the turbulent Reynolds stress arises
regulating the turbulence and giving rise to the turbulence-
flow predator–prey interaction. In this I-phase, the turbulence
is regulated mainly by the ZF generation, which effectively
takes place at intermediate turbulence scales. No changes
are measured at shorter and longer turbulence scales. As the
plasma enters into the H-mode, additional mechanisms such as
turbulence decorrelation by sheared flows may become active
affecting a broader range of turbulence scales.

4. Dynamics of plasma gradients and transport

Understanding the relation between free energy sources
and transport in systems far from thermal equilibrium is a
fundamental issue that has been debated for years. A non-
linear relation between heat fluxes and driving gradients can
explain the confinement degradation with increasing heating
power that has been reported in all magnetically confined
fusion plasmas. The transition to improved regimes also
suggests a non-monotonic relation between gradients and
fluxes at a given specific radial position where the transport
barrier is located. In parallel, it is well known that edge
turbulent transport is strongly bursty and that a significant
part is caused by a few large transport events within a small
fraction of time; the universal character of this observation
and the striking similarity between the statistical properties
of edge turbulent transport in magnetic confinement devices
are possibly reflecting the fact that systems out of thermal
equilibrium are dynamically exploring different accessible
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Figure 12. Turbulence wavenumber spectra measured during the I-phase (left) and during the L- and H-mode (right). The extreme values of
the turbulence level measured during the I-phase are represented: maxima (in blue) and minima (in red). The spectral indexes are shown for
each spectrum and the normalized wave-numbers k⊥ρs = 1 (and 2) are marked. (Reprinted with permission from [26], Copyright 2012, IOP
Publishing Ltd. and [61] Copyright 2011, AIP Publishing LLC.)

Figure 13. Expected value of turbulent flux for a given value of
fluctuating density gradient as a function of (∇r Isat − 〈∇r Isat〉)/σ ,
where σ is the standard deviation of (∇r Isat), in the plasma edge in
the TJ-II stellarator. (Reprinted with permission from [62].
Copyright 2012, American Physical Society.)

states, i.e. regimes with different plasma gradients with
corresponding different transport levels.

Thus, the dynamical coupling between density gradients
and particle transport has been investigated and compared
using similar experimental tools in the plasma boundary
of different tokamak (JET, ISTTOK) and stellarator (TJ-II)
devices [62]. We measured the ion saturation current (Isat) as a
proxy for the edge plasma density, the plasma floating potential
and the turbulent radial transport �E×B ignoring temperature
fluctuations (�E×B = 〈Ẽθ ñ〉/BT ). In figure 13 the probability
distribution function (PDF) of Isat-gradient fluctuations and
the expected value of E × B turbulent flux for a given value
of fluctuating density gradient are plotted versus Isat-gradient
fluctuations in the edge plasma in the TJ-II stellarator, showing
that the size of turbulent events is minimal in the proximity
of the most probable density gradient. Interestingly, results
measured in the edge plasma region of the TJ-II stellarator
look qualitatively very similar to findings in the boundary

region of the JET and ISTTOK tokamaks, where the size
of turbulent events also increases when the plasma deviates
from the most probable gradient. In addition, experimental
results were found to be consistent with results from two very
different models of plasma turbulence and transport, where
non-local effects play an important role. The present findings,
common to plasma devices belonging to both stellarator and
tokamak families, suggest the importance of self-regulation
mechanisms between plasma transport and gradients in fusion
devices [62].

5. Conclusions

In this overview paper we have reported on recent advances in
the understanding of the plasma flow dynamics in relationship
with TJ-II confinement transitions that we summarize below.
All the results have been obtained under Li-coated wall
conditions, which allows us to achieve density control and to
reach high-density plasmas and transition to H-mode.

The flows in low-density plasmas have been characterized
by employing a wealth of experimental techniques. The mean
profiles have been measured with CXRS, HIBP, reflectometry
and Mirnov coils, and good agreement has been found with
neoclassical calculations, which predict a change from electron
to ion root at a given plasma density. These calculations show
a vanishing of the neoclassical viscosity in the vicinity of the
transition, which provides a fundamental explanation to the
large amplitude of the low-frequency electric field fluctuations
in this regime. The dynamics of these fluctuating electric
field structures in the plasma edge, that display zonal flow-like
features, has been studied by means of probes and conditional
average techniques. These structures have been shown to be
global and affect particle transport dynamically. Their typical
decay time has been found to be in agreement with simulations
of collisionless damping in the presence of ambient radial
electric field. The probability distribution of the measured
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turbulent momentum flux (Reynolds stress) shows events that
could provide the observed acceleration or radial electric field
excursions. However, no clear cause–effect relationship was
found with conditional average techniques.

The temporal dynamics of the turbulence-flow interaction
has been measured at the L–H transition in TJ-II plasmas.
Close to the L–H transition threshold conditions, the
turbulence-flow interaction displays an oscillatory behaviour
with a characteristic predator–prey relationship supporting the
Kim and Diamond predator–prey theory model of the L–I–
H transition. The spatial evolution of this oscillation pattern
shows both radial outward and inward propagation velocities
of the turbulence-flow front. The results show the need to
approach L–H transition studies within a 1D spatiotemporal
framework. The relevant turbulence scales involved in
the energy transfer of the predator–prey process have been
identified. In the I-phase, the turbulence is regulated mainly by
the ZF generation which effectively takes place at intermediate
turbulence scales. As the plasma enters into the H-mode,
additional mechanisms such as turbulence decorrelation by
mean sheared flow may become active affecting a broader
range of turbulence scales.

In summary, much experimental and theoretical effort has
been devoted to the understanding of the dynamics of flows in
TJ-II and their relation to confinement transitions, providing a
critical test of flow models in several plasma regimes.
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