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Abstract. In this work, we report on the results obtained by measuring several
turbulent quantities well inside the plasma edge by means of a Langmuir probe during
dynamical rotational transform scans in the TJ-II stellarator, while applying a radial
electric field to the edge plasma using a biasing probe. By calculating the intermittence
parameter from floating potential measurements, we are able to identify a major low
order rational surface and hence relate the probe measurements to the local value of
the rotational transform.

Based on the former, we are able to show that the poloidal plasma velocity (and
hence radial electric field) has a significant radial structure that is clearly related to the
rotational transform profile and in particular the lowest order rational surfaces in the
range studied. The poloidal velocity is also affected by the edge biasing. The particle
flux T was also found to exhibit a radial pattern, as did the flow shear suppression
term wgx g, but the relation of the former to the low-order rational surfaces was less
clear. We surmise that this lack of direct correspondence is due to an unknown term
in the turbulence evolution equation: the instability growth rate, .

We make use of a reduced Magnetohydrodynamic turbulence model to interpret the
results. Overall, a picture is obtained in which the plasma self-organizes towards a state
with a clear radial pattern of the radial electric field, in line with expectations from
some numerical studies describing the spontaneous formation of an ‘E x B staircase’,
consisting of alternating layers with fast and slow radial transport. In this state, the
radial profiles of various quantities (density, temperature, pressure) will not be smooth.
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1. Introduction

Fusion plasmas are complex, open systems subject to a strong external drive, pushing
them to a state far from thermodynamic equilibrium. Such systems are characterized
by the spontaneous appearance of structures [I], like the well-known zonal flows in the
plasma edge that play a major role in the important Low to High (L to H) confinement
transition [2].

The appearance of structures is however not limited to the plasma edge
region. Stability analysis of pressure gradient driven Magneto-Hydrodynamic (MHD)
turbulence has shown that the radial pressure profile will tend to develop ’flat spots’
at the most unstable locations (singular or rational surfaces) [3, 4]. Theoretically, the
resulting pressure profile is therefore expected to look like a ‘staircase’ rather than
the often assumed smooth curve. Such non-smooth pressure profiles would imply a
significant departure from the standard approach to radial (heat and particle) transport,
as transport coefficient profiles would then likewise be non-smooth and dependent on
the main local instabilities.

Very little experimental information is available on this issue, due to the difficulty of
obtaining the required high resolution data inside the hot and turbulent plasma. Early
work at the RTP tokamak, based on electron temperature measurements combined
with a scan of the Electron Cyclotron Resonant Heating (ECRH) power deposition
location, revealed the existence of a succession of temperature steps associated with low
order rational surfaces [5]. Subsequently, an ad-hoc transport model was proposed to
model the observed behaviour, characterized by sharp reductions of the heat transport
coefficient at the rational surfaces [6].

In recent work, we investigated radial heat transport using an analysis technique
based on the transfer entropy, applied to Electron Cyclotron Emission (ECE)
measurements of the electron temperature 7, [7]. This allowed us to document the
existence of minor transport barriers (which would result in ‘staircase’ profiles) in both
the W7-X and TJ-II stellarators, with additional experimental evidence of ‘jumping’
transport behaviour corresponding to transport events crossing the semi-penetrable
barriers [7]. Note that the cited experimental results all correspond to relatively low
density plasmas, heated mainly using ECRH.

Similar observations were also made in flux-driven gyrokinetic turbulence models.
In this context, the phenomenon was named the ‘E x B staircase’ [8,[9]. The cited work
shows the spontaneous formation of profile steps, associated with radial electric field
corrugations or zonal flows. These steps were not always linked to rational surfaces.
This linking may depend on the type of turbulence involved (ITG, ETG, TEM, etc.)
and the plasma conditions (collisionality, etc.); something that is still largely unclear.

The existence of the ‘staircase’ would have a significant impact on our
understanding of transport in the interior of the plasma: it would consist of alternating
radial layers with rapid radial transport (possibly dominated by ‘streamers’; ‘bursty
transport” or ‘ballistic events’) and ‘minor transport barriers’ (zones with zonal flow
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shear and significantly reduced turbulent transport, characterized by ‘particle trapping
effects’). The standard description of transport in terms of smooth profiles and smooth
radial electric fields and transport coefficients would be inadequate to model this
situation. Interestingly, the ‘minor transport barriers’ could possibly be manipulated
through the reinforcement of the associated zonal flows.

If the ‘staircase’ phenomenon is assumed to be common, as has been suggested, this
raises the question why reports in literature are so very scarce. We believe this is due
mainly to the lack of experimental observations in the plasma core region with sufficient
radial resolution and accuracy to resolve the relatively small profile steps. Observation
is also made more difficult due to the omnipresence of turbulence. In addition, it may
be that in higher density plasmas, the phenomenon becomes less intense, although this
is not entirely clear.

Changes in the pressure gradient should generally be associated with corresponding
changes in the radial electric field, E,. It is probably easier to detect the ‘staircase’
using measurements of FE, (or, equivalently, the plasma potential or the poloidal
or perpendicular velocity) than by direct measurement of the pressure, density, or
temperature profiles, as argued in Section ] This is the approach we followed in the
present work.

The experimental results reported here provide extremely detailed information
regarding the structure of the poloidal velocity (equivalent to E,) at the TJ-II stellarator
[T0]. This structure is clarified by scanning the rotational transform profile dynamically
during a discharge, while a Langmuir probe performed measurements at a fixed location
well inside the plasma. Measuring at a fixed location offers the advantage that many
quantities relevant to turbulence (such as the gradients) are nearly constant. This
scan allowed exploring the behaviour of several important quantities across a range of
rotational transform values. In addition, a biasing probe was used to manipulate the
poloidal rotation velocity of the plasma. We calculated a quantifier of intermittence from
the plasma potential fluctuations measured by the probe [I1]. This quantifier responds
to both plasma velocity and the presence of dominant low order modes, and allowed us
to determine the time of passage of an important low order rational surface across the
probe location. Thus, we could relate the plasma rotation profile to the structure of
rational surfaces inside the plasma. The reported experimental results allow us to shed
some light on the existence and importance of the ‘staircase’ phenomenon.

This article is organized as follows: Section [2| discusses the methods we have used.
Section |3 presents the results for the rotational transform scan experiments. Section
interprets the results with the aid of a numerical turbulence model. In Section 5| we
draw some conclusions.
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2. Methods

The TJ-II stellarator is a flexible Heliac [12] with toroidal magnetic field By ~ 1 T,
major radius Ry = 1.5 m and minor radius a < 0.22 m [10]. In the experiments discussed
here, plasmas were heated using two ECRH beam lines delivering up to 300 kW each
at a frequency of 53.2 GHz (X mode).

In the following, we briefly describe the tools we used in this study. Section
presents the principles of the rotational transform scan; although experimental details
are given in Section|3] Section [2.2|describes the probe systems and discusses the analysis
techniques used. Section provides a summary of the calculation and interpretation
of the intermittence parameter, C'(1). Section [2.4] describes a Resistive MHD turbulence
model we use to help interpret the results.

2.1. Rotational transform scan

To perform the experiments described below, we make use of a rather unique feature
of the TJ-II stellarator: namely, its capacity to perform dynamical scans of the
magnetic configuration. This capacity allows varying the characteristics of the magnetic
configuration in vacuum, such as the rotational transform, plasma volume, magnetic
well, etc. by varying the external coil currents. This variation is performed in a
controlled manner during a single discharge [I3]. In the experiments performed here,
the offset of the rotational transform was varied linearly in time. This amounts to
scanning the location of the rational surfaces radially, while keeping all other quantities
almost constant. By performing measurements at a fixed radial position, quantities
corresponding to some important plasma properties, such as pressure gradients, are also
nearly constant at the measurement location. This way, the impact of the rotational
transform on plasma properties can be studied almost without suffering from other
confounding factors. In addition, these experiments offer an excellent resolution in
terms of rotational transform that would be difficult to achieve by performing radially
spaced measurements.

2.2. Probe systems

TJ-II is fitted with several probe systems. In the present study, we perform
measurements with the so-called D probe, located at a toroidal angle of ¢ = 38.2°.
The reciprocating probe drive was fitted with the two-dimensional probe head shown
in Fig. It has a boron nitride body shaped as a double staircase, with sets of
probes on various levels. Here, we will use one set of three pins on one staircase
step (measuring Vy, L.y, Vi, repectively; V; being the floating potential and Iy the
ion saturation current), aligned poloidally at a given radial position.

To perform the analyses presented below, knowledge of the precise location of the
probe tips with respect to the magnetic configuration is essential. The physical position
of the probe has been calibrated with respect to the vacuum vessel of TJ-1I, with a
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Figure 1. Langmuir probe head used in the present experiments.

precision of 1-2 mm. The magnetic configuration is mainly generated by currents flowing
in the external coils, and various error sources may lead to geometric variations of up to
about 6 mm with respect to theoretical expectations [14]. In addition, once the plasma
is produced, small currents may flow inside the plasma that may affect the magnetic
configuration [I5]. Currents inside the plasma were kept small (—0.6 < I, < 0.1 kA).
A negative net plasma current may lead to a reduction of the rotational transform,
t+ = /2w, or in other words, move the rational surfaces out by a small distance.
Considering the impact of all these error sources, the uncertainty of the probe position
with respect to the expected location of the magnetic surfaces is at most ~ 1 cm.

An important quantifier in the framework of this paper is the poloidal rotation
velocity, vg, at the probe location. Several alternative techniques for determining this
quantity are available. One well-known procedure is to determine the velocity from the
spectral 2-point S(k, w) technique, given two poloidally spaced probe pins measuring the
floating potential, V; [16]. When applying this technique, based on Fourier transforms,
we found that its statistical error (as measured by the scatter of obtained velocity values)
was too large for our purposes, particularly in view of the fact that we need this quantity
with a reasonable time resolution — of a few ms — in order to follow changes along the
t-scan that lasts 100 ms. A second technique is to measure the radial electric field,
E,, from two radially separated pins measuring V;, and assuming that the rotation is
dominated by the E x B drift, the poloidal velocity would follow from vy ~ E,./B.
Given the layout of the probe used, a suitable measurement of E, was however not
available. A final technique is to simply compute the cross correlation between two
poloidally spaced V; pins, C(At). The poloidal velocity then follows immediately from
Veorr = d/Atmax, where d is the poloidal probe separation and Aty is the time lag of
the maximum value of C. This simple technique suffers from low resolution: although
the sampling frequency of the V; measurements is high, femp = 2 MHz, the probe
distance is only d = 6 mm, so the directly accesible values of the velocity through this
technique based on discretely sampled data are given by the set veoyy = d - fsamp/n, such
that n € Z_, which is rather crude for velocities with expected values of several km/s.
This limitation can be partly alleviated by improving the estimate of the location of the
maximum of the correlation curve C'(At) using interpolation, noting that the maximum
correlation value is generally quite high for these discharges, so that this can be done
reliably: max(C') > 0.85. For this purpose, we selected part of the C'(At) curve around
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its discrete maximum, performed a cubic spline interpolation and then recalculated
the time lag of the maximum from the interpolated spline curve. A drawback of this
technique is that the presence of rotating, large MHD islands can affect the detected
time delay: any such mode, if it has a sufficiently large amplitude, would cause the time
delay to be determined by the phase structure of the (rotating) island, even at radial
locations relatively far from the island location, rather than the local propagation of
turbulent structures. Fortunately, in these discharges, no such large amplitude coherent
modes were present; this was checked by inspecting the power spectra of the Langmuir
probe signals and external Mirnov pick-up coils.

The radial electric field at the edge of the plasma was modified by applying a
constant voltage to a biasing electrode, inserted to a position of p ~ 0.85 [17].

2.8. Intermittence

In this work, we make use of a quantifier of intermittence originating in chaos
theory [I8, [19]. The method for calculating this quantity from time series is described
elsewhere [I1]. The ‘intermittence parameter’, C'(1), which takes on values between 0
and 1, is a measure of the ‘burstiness’ of a signal. We note that ‘bursty’ signals often
(though not always) have a probability distribution with a kurtosis exceeding 3 (the
kurtosis of a Gaussian distribution).

The meaning of the intermittence parameter C(1) has been clarified in a recent
study [20]. For our purposes, it is sufficient to know that C'(1) tends to be low when
a single (helical) mode dominates the turbulence, leading to monofractal behaviour,
and high when several modes interact, leading to multifractality. Such a ‘dominant
helical mode’ is understood to be a locally dominant helical instability, which may be
unsaturated and incoherent, not necessarily a saturated MHD island. Assuming data
correspond to a fixed measurement location, the presence of a significant flow of the
turbulent field past the observation point may also lead to an increase of multifractality
and C(1), as this will lead to a mixing between the temporal and spatial structure of
the mode. In other words, C'(1) is both sensitive to mode dominance and flow velocity.
Mode dominance is determined to some degree by the presence of low-order rational
surfaces, provided the drive (gradient) is such that the corresponding helical modes are
triggered. In view of the above, in some circumstances and with some caveats C'(1) can
be used to determine the location of important low-order rationals, as shown in recent
work [21].

2.4. Modelling

To understand the behaviour reported in the following, we performed turbulence
simulations using a Resistive MHD turbulence model we have used before to interpret
experimental results from the TJ-II [22] 23] and WT7-X [24] stellarators.

The dominant instability in relatively low temperature stellarators is the resistive
interchange mode. This mode is driven by the pressure gradient and in the nonlinear
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regime it generates flow vortices and magnetic islands associated with singular surfaces.
Since growth rates are higher for low m/n modes, low m/n modes are typically dominant.
Such a dominant mode will produce flat spots in the pressure profile — typically broader
for lower order — and lead to a ‘staircase’ profile, as described in [4]. This flattening
(reduction of gradient) stabilizes the ideal MHD modes at the singular surface. In
[3] it was shown that such ‘staircase’ profiles allow stability at higher overall plasma
pressure, explaining why the experimental beta limit tends to be higher than the beta
limit calculated using smooth profiles.

Dominant low-order modes are associated with flow patterns, producing vortices
associated with the singular surfaces. These vortices generate zonal flows through
Reynolds stress [25], thus producing local transport barriers. If the perturbation stream
function, i.e., the fluctuation of the potential, is radially symmetric with respect to the
position of the singular surface, the zonal flow (proportional to the derivative of the
potential) is asymmetric, i.e., zero at the surface but with a maximum on one side a
minimum on the other. Contrarily, if the potential fluctuation is antisymmetric, the
zonal flow has a maximum at the singular surface. As we will see, the cases studied
here, the potential fluctuation is symmetric.

The numerical model is based on the reduced MHD equations [26], in which pressure
gradient modes provide the main instability drive. The model is evolved in periodic
cylinder geometry, with minor radius a and length L. = 27 R,. The corresponding
coordinate system is (7,0, (), where r is the cylindrical radius, 6 the poloidal angle, and
( = z/Ry, where z is the axial cylinder coordinate. Thus, when the cylinder is bent
in a torus, ¢ corresponds to an effective toroidal angle. The model equations describe
the evolution of (a) the poloidal magnetic flux ¢, (b) the z component of the vorticity
of the flow, U, by means of a momentum balance equation, (c) the density n and (d)
the electron temperature 7,. Including the evolution of the magnetic flux is essential to
understand the interaction of the turbulence with helical modes. The evolving quantities
are decomposed in Fourier series in the poloidal and toroidal angles, whereas the radial
component is evaluated using finite differences. Given the limitations of this numerical
model, the numerical calculations do not constitute a full and detailed simulation of
these TJ-II plasmas, although they do reproduce many of their salient features. For
more details, please refer to Ref. [27].
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Figure 2. Mean profiles of electron density (top) and electron temperature (bottom),
reconstructed using a Bayesian method [28] using Thomson Scattering, Helium beam
and interferometry data.

3. Rotational transform scan experiments

The dynamic rotational transform scans were performed by varying the external coil
currents linearly over a time interval of 100 ms during the plasma steady state phase
(1100 < t < 1200 ms). ECR heating power was approximately 2 x 250 kW. Currents
flowing inside the plasma were kept small using a current control system. The line
average density of these plasmas was low (1, ~ 0.5-10'” m~3). Electron density profiles
were rather flat in the core region (p < 0.6) and fell off gradually to the plasma edge for
p 2 0.7. Electron temperature profiles were peaked with 7,(0) ~ 1 keV. Mean profiles,
calculated from Thomson Scattering, interferometry, and Helium Beam data using a
Bayesian method [28§], are shown in Fig. [2 Low radial wavenumber oscillations in these
profiles are an artifact of the method used and should not be taken into account. Profiles
remain roughly constant while the rotational transform is varied gradually over a rather
narrow range, as reflected in the constancy of several important plasma quantifiers (see
below).

In these conditions, the plasma is in the so-called Neoclassical electron root state,
such that the radial electric field E, is predominantly positive [29]. In view of these
conditions and the resulting low plasma pressure (8 < 0.1%), flux surfaces are almost
unaffected by Shafranov shift effects [28]. Consequently, external control of the magnetic
configuration is very good and flux surface and rotational transform modifications due
to plasma pressure and plasma current are small [30]. Fig. [3[ shows two ¢ profiles (in
vacuum), corresponding to the start (lower) and end (upper) profile of the #scan. The
shape of these + profiles is very similar, except for an offset. Please note the vertical
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Figure 3. The rotational transform, ¢+/27, for the two vacuum magnetic configurations
corresponding to the scan end points. Some relevant rational values of ¢/27 are
indicated by means of horizontal dashed lines. The probe location is indicated by
vertical blue lines (dotted line: nominal position; dashed line: corrected position — see
text).

scale of the figure: in spite of the apparent large gap between the lower and upper +
profiles, the difference is in fact rather small; so that global confinement conditions are
almost unchanged.

3.1. The impact of biasing

Fig. 4] shows the dependence of the plasma line average density, n., and net plasma
current, [,, on the applied biasing voltage, V,,. The error bars correspond to the
variation within a discharge rather than a measurement error. The line average density
was very constant, both within each discharge and between discharges. The small plasma
current [, also did not vary significantly (~ —0.22 kA on average).

The voltage applied to the biasing probe was varied between discharges. Fig.
shows the temporal average of the poloidal velocity (veor) versus the applied biasing
potential, V;,. The poloidal velocity (veor) at the Langmuir probe position was
calculated using the spline interpolated correlation technique discussed in Section [2.2]
The temporal average was taken over the time window of interest, 1100 < ¢ < 1200 ms.
There is a definite and systematic relation between the applied biasing and the resulting
poloidal velocity. The shape of this curve is due to the exponential I — V' characteristic
of Langmuir probes [31]: at positive V},,, the biasing probe is able to drive significant
(radial) current, leading to a corresponding modification of the poloidal rotation velocity,
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Figure 4. Dependence of the plasma line average density, 7., and net plasma current,
I,,, on the applied biasing voltage, Vyo1.

whereas at negative Vo1, the driven current and the corresponding modification of the
poloidal rotation velocity is small. An exponential fit, (Veorr) = A + Bexp(Voo/Te),
yields T, ~ 70 eV, which is a reasonable value for the edge electron temperature.



Rational surfaces, flows and radial structure in the TJ-II stellarator 11

7
6.5 —
s R
E :
2551 2
458 - + —
4 L ‘ ‘ ‘ ‘ i
300 200 -100 0 100 200
pol V)

Figure 5. Effect of applied biasing (horizontal axis) on the temporal mean value
of the poloidal velocity at the probe location (vertical axis). Each dot corresponds
to a discharge. Error bars are an estimate of random variations with respect to the
smoothed temporal evolution. The dashed line is an exponential fit.
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Figure 6. Poloidal velocity at the probe location. The horizontal axis corresponds to
the calculated rotational transform value at the nominal location of the probe as the
rotational transform profile is scanned. The typical error bar of these data is indicated
inside the figure, top right.

3.2. Poloidal velocity, intermittence and probe position correction

Fig. [6] shows the measured poloidal velocity at the Langmuir probe, using the spline
interpolated correlation technique discussed in Section [2.2] for the set of discharges
considered. The horizontal axis shows the + value at the nominal, fixed location of the
probe as the +profile is scanned (see Fig. . One observes that the poloidal velocity
is modulated strongly along the ¢-scan, by about 30% or more. There is also a vertical
shift of the curves from one shot to the next, which is associated with the applied biasing
(see Fig. ).

As noted in Section [2.2] the relative probe position with respect to the magnetic
configuration is subject to some uncertainty. Consequently, Fig. [6] should not be used
to infer any association between the poloidal velocity pattern and rotational transform
values or rational surfaces. This issue can be clarified using the intermittence of the
floating potential signal, which is known to drop when low-order modes, associated
with low-order rational surfaces, are dominant [20]. Fig. [7] shows an interpolated
representation of the intermittence, C'(1), on the same axes as Fig. @ Black dots
represent the location of actual data points, the color patches represent the linear
interpolation between the points of the intermittence. An interesting pattern appears,
similar in some important respects to the modelling results shown below in Fig. [15]
The main feature is a general minimum of C'(1) that occurs around ¢ . =~ 1.575 for
most of the discharges studied. From the modelling result, we expect this minimum
to correspond approximately to the location of an important rational surface, the only
candidate being the 11/7 surface (v ~ 1.571), located close by.
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Figure 7. Intermittence, C(1) at the probe location. Black dots correspond to
the data points shown in Fig. @ colors represent the interpolation of C(1) values
determined at those points.

Given the positioning error of the probe as discussed in Section [2.2] and taking into
account that the small negative plasma current (Fig. |4)) would reduce ¢ [I5] such that the
passage of a given rational surface across the probe position would be slightly delayed, we
are justified to apply an additional shift of + to ensure that the C'(1) minimum coincides
roughly with the 11/7 surface. The nominal and corrected positions are indicated by
vertical dashed lines in Fig. 3] Applying this small shift, we obtain Fig. [§] We have
drawn in the location of a few low order rational surfaces for clarity. The main minimum
of the intermittence, C'(1), now corresponds approximately to the 11/7 rational, while a
secondary minimum, although perhaps not well resolved, may occur at the 14/9 rational;
noting that these are the two lowest-order rationals of the four shown.

Fig. [9] shows the poloidal velocity data of Fig. [f] after applying the position
correction of the probe. The pattern of the poloidal velocity has 4 extrema in the
t+-range studied, and each extremum corresponds to a low order rational surface. A
similar effect is observed in a numerical model, as will be discussed in Section |4 below.
Note that the rational surfaces are not equidistant, and the spacing between rationals
corresponds nicely with the spacing of the extrema, giving additional confidence that
this approach is valid.
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Figure 8. Intermittence at the corrected probe location. Some relevant rational values
of + are indicated by means of vertical dashed lines.
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Figure 9. Poloidal velocity at the corrected probe location. Some relevant rational
values of + are indicated by means of vertical dashed lines. The typical error bar of
these data is indicated inside the figure, top right.
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Figure 10. Dependence of the poloidal rotation profiles on + and the applied biasing
voltage, Vpor (V).

3.3. Impact of biasing and rationals on various quantifiers

To facilitate further analysis, in this section we group shots with a similar biasing voltage
together and average over these grouped shots. We distinguish 5 groups. Fig. [10] shows
the poloidal velocity, averaged over the grouped shots (see legend). This plot is an
easier to read version of Fig. [0l The profile-averaged poloidal rotation behaves as seen

in Fig. [f
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Figure 11. Dependence of the velocity shearing rate, wgx g, on + and the applied
biasing voltage, Vjol.

Fig. shows the estimated shearing rate, wgxp = % ~ ig—;%. It does not appear
to depend on the biasing. It has a clear radial dependence and zero crossings that
match the locations of the rational surfaces. The competition between the turbulence
growth rate, v, and wgy g is often assumed to be responsible for turbulence suppression
in transport barriers [32]. Here, the turbulence growth rate is not known, but in some
regions the absolute value of this parameter is sufficiently large (= 10° s™!) to potentially
suppress turbulence [33].

Fig. shows the mean value of the fluctuating particle flux, I' = C' <jsatE9>. The
proportionality constant C' has been set to 1, so the flux is given in arbitrary units. It
has a ‘radial’ pattern (meaning a strong dependence on +), which suggests the existence
of minor transport barriers. The radial structure has a wavelength that suggests a
relation with the spacing of the main low-order rationals as indicated, but there is no
clear direct relation with wgp (Fig. , which may be due to the unknown pattern of

the turbulence growth rate that also plays a part.
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Figure 13. Dependence of the total bicoherence b?(Eg) on + and the applied biasing
voltage, Vpol.

3.4. Bicoherence

To better understand the interaction between the MHD turbulence, associated with
rational surfaces, and broad-band turbulence, we computed the bicoherence of the
poloidal electric field Ejy, calculated from the difference of two poloidally displaced probe
pins measuring V; [34]. Fig. shows the result, calculated using time windows of 2
ms, such that each time window is subdivided into 50 sub-windows to evaluate the
Fourier spectra needed to evaluate the bicoherence. The total auto-bicoherence (i.e.,
integrated over the two-dimensional frequency space of the bicoherence) shows a small
but systematic variation with ¢ This indicates that MHD modes are mostly activated
at the rational surfaces 14/7 and 11/7, and less so at 25/16 and 19/12, which could
explain the pattern seen in Fig.[I0] Note also that the bicoherence shows an increasing
trend towards high + values, which may be related to the presence of the important
+ = 8/5 surface, immediately outside the experimental range.
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Figure 14. Profiles in the numerical model: temperature, density, and poloidal flow
velocity.

4. Modelling results

To understand the results reported in Section we turn to the Resistive MHD
turbulence model described briefly in Section [2.4, Turbulence was calculated under
conditions matching the ‘standard’ TJ-II configuration (labelled 100_44). Fig.|14|shows
an example of steady state profiles obtained using this model. We note the appearance of
small ‘staircase’ steps in the temperature and density profiles, associated with low order
rational surfaces, and a corresponding strong modulation of the poloidal flow velocity.
This happens because the pressure profile self-organizes to a state in which ‘flat spots’
appear around the most unstable (low order) rational surfaces, thus stabilizing the most
unstable modes (see Section . It should be noted that the ‘flat spots’ are usually
associated with steep gradient regions both inside and outside the flat spot, which could
be considered ‘transport barriers’.

Once a turbulent steady state was achieved, we applied a constant electric field, E,,
in the region 0.5 < r/a < 1.0, inducing additional poloidal rotation. We then continued
to evolve the model to understand the impact of this electric field on the turbulence.
This procedure was repeated for several values of E,.q, which effectively allows assessing
the impact of the flux surface averaged poloidal flow velocity, (vy), on the intermittence.

Fig. shows maps of the resulting intermittence calculated from the fluctuating
plasma potential, in the plane of poloidal velocity versus rotational transform. It is
observed that the intermittence parameter C'(1) is minimal at the location of important
low-order rational surfaces when (vg) ~ 0. These results confirm the statements made
in Section 2.3l

Comparing this result with the experimental results, Fig. [9] we observe a similar
area of low C(1) near the 11/7 rational surface. This area of low C(1) occurs at
(Veorr) =~ 6000 m/s, not at 0 m/s; but note that there are no data for lower values
of (Veorr), SO that it is not possible to clarify this point with the given data. In any case,
the lowest values of C'(1) occur for the lowest values of (Veo) Within the experimental
range.
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Figure 15. Modelling results: the intermittence parameter, C(1), as a function of ¢
and the poloidal flow velocity, (vg).
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Figure 16. Mean (flux surface averaged) poloidal velocity, (Vj), versus normalized
minor radius, for various values of the externally imposed radial electric field, E?
(legend).

Fig. shows the mean (flux surface averaged) poloidal velocity, (Vj), versus
normalized minor radius, for various values of the externally imposed radial electric
field, E?. The overall pattern is similar to what is observed experimentally and reported
in Fig. In particular, there is an overall vertical velocity shift, proportional to
the imposed E°. Velocity maxima occur at the location of several important rational
surfaces.

There is also an important difference: in this radial range, velocity peaks occur at all
three indicated rationals, 25/16, 11/7, and 19/12. However, in the experimental result
shown in Fig. of these three only 11/7 corresponds to a maximum, whereas 25/16
and 19/12 correspond to a minimum. This difference is probably related to whether the
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Figure 17. Particle flux near the 11/7 rational surface in the numerical model.

instability corresponding to the rational surface is triggered or not, which will depend on
the local values of the thermodynamic driving gradients. In the simulation, the gradients
will have been above the threshold value for each of these three rational surfaces, whereas
in the experimental situation, the gradient was such as to trigger the instability of only
the lowest order rational surfaces (11/7 and 14/9). This interpretation is corroborated
by the bicoherence result shown in Fig.[13] which confirms that nonlinear mode coupling
occurs mainly at the 11/7 and 14/9 rational surfaces.

The calculation can also help to understand the behaviour of the particle flux.
Fig. |17 shows the radial dependence of the particle flux near the 11/7 rational surface.
One observes that the flux peaks near, but not at, the rational surface. This behaviour
is very similar to what is observed experimentally, as reported in Fig. [12]
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5. Conclusions

This paper presents the results of a unique set of experiments in which the rotational
transform profile was scanned dynamically in time, while external biasing was applied
and the Langmuir probe was inserted deep into the plasma (p ~ 0.7). This carefully
designed experiment allowed exploring the properties of the turbulent plasma in the
neighbourhood of various important low-order rational surfaces at constant values of the
thermodynamic driving gradients, given that the probe position was fixed and plasma
parameters were kept constant during the scan.

Intermittence: One of the turbulent parameters that was determined is the
intermittence C'(1) of the fluctuating floating potential V. It was found to exhibit a
minimum close to an important low-order rational (11/7). It is known that C(1) tends
to drop near important low-order rational surfaces when the corresponding helical mode
is dominant. This allowed us to apply a correction to the probe position, which was
known with an accuracy of about 1 cm, while the rational surfaces might in addition
experience a slight outward shift due to the small net plasma current.

Flow pattern: A systematic and reproducible pattern was observed in the poloidal
plasma flow velocity, veor, determined from the correlation between poloidally displaced
floating potential pins. After correction of the probe position relative to the rational
surface 11/7, the pattern could be related to the rotational transform profile. The
location of the extrema of the poloidal velocity was found to match the locations of
the 4 lowest rational surfaces in the concerned rotational transform range perfectly
(Fig. . When applying external constant biasing, the pattern of the flow vey
remained unchanged except for an offset. The biasing also allowed studying the impact
of the poloidal flow velocity on the measured intermittence.

The pattern could be understood on the basis of turbulence calculations performed
with a Resistive MHD model. The poloidal flow (Vj) showed a similar offset and a
similar pattern related to the location of low order rational surfaces (Fig. [16). In the
simulations, the poloidal flow (Vj) peaked at each of the rationals 25/16, 11/7, and
19/12, whereas the experimental pattern only peaked at 14/9 and 11/7 and not at 25/16
and 19/12. We suggest that the pattern arises as a consequence of the relation between
the driving gradient and the local turbulence threshold. In the model, the instabilities
corresponding to all cited rationals are triggered, so that a velocity peak occurs at
all rationals. Conversely, in the experiment, only the 14/9 and 11/7 instabilities are
triggered. This hypothesis is corroborated by calculating the bicoherence (Fig. .
The bicoherence detects the nonlinear coupling between low frequency modes and broad-
band turbulence, and in this case peaks only at the 14/9 and 11/7 rational surfaces,
whereas mode coupling is weaker or absent at the other rational surfaces (25/16 and
19/12).

Flux pattern: In addition, we observe a radial variation of the experimental
fluctuating particle flux I'. Regions of low I' can be considered minor transport barriers
for the fluctuating flux. The minima of I' did, however, not coincide exactly with the



Rational surfaces, flows and radial structure in the TJ-II stellarator 23

location of the low order rationals, neither in the experiment nor in the model. In
any case, the radial structure has a radial wavelength that suggests a relation with
the spacing of the main low-order rationals as indicated. The absence of a clear direct
relation with wg.p (Fig. may be due to the fact that wgyp is only part of the story;
turbulence suppression is expected to occur when the turbulence growth rate ~ is less
than the shear suppression term |wgy | [32], and 7 is not known here.

Staircase: Finally, it is appropriate to make a remark regarding the implications
of the remarkable flow pattern observed here. In previous work, based on simulations,
it was suggested that the pressure profile self-organizes to a state in which ‘flat spots’
appear around the most unstable (low order) rational surfaces [3],[4]. This self-regulation
mechanism would allow achieving much higher global mean pressure values () than one
might expect on the basis of smooth profiles. Fig. illustrates this effect as seen in
the calculations made in the context of the present paper. It is interesting to note that
the corresponding pattern of flow variations is much more intense than the variations
of pressure (or density or temperature) profiles. Due to experimental noise and limited
radial resolution, one may expect that this effect is very hard to detect experimentally
on the basis of the direct observation of pressure (or density or temperature) profiles
[5]. On the other hand, measurement of the plasma (or floating) potential, the poloidal
flow velocity, or the radial electric field may facilitate studying this effect.

This ‘staircase’, sometimes called the E x B staircase, has been observed in
gyrokinetic simulations [8, 9]. The existence of this radial structure of E, is expected
to have a significant impact on transport, as it modulates the turbulent or ‘anomalous’
component of transport, interrupting the radial propagation of large transport events.
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