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Abstract
The emergence of the plasma edge shear-flow layer has been recently shown to be consistent
with second-order transition model coupling shear amplification by Reynolds stress and
turbulence reduction by shear. A fundamental feature of second-order transitions in
equilibrium thermodynamics is the divergence of the susceptibility near the critical point. In
this paper, an experimental investigation is carried out to find out whether an analogous
phenomenon takes place in the transition leading to the formation of the shear-flow layer in the
TJ-II stellarator.

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

1. Introduction

One of the most relevant recent advancements in fusion grade
plasma physics is the discovery of transport barriers. Since
the H-mode was first observed in the 1980s [1], a variety of
transport barriers leading to improved confinement regimes
have been reported in many different machines [2] (both
tokamaks and stellarators), including other H-modes but also
internal transport barriers (ITBs), very high modes (VH), etc.
This phenomenon is not only of great practical importance, as
it will very likely determine the viability of ITER and next-
generation machines as practical nuclear reactors, but also
one of the key unsolved problems in today’s plasma physics
transport theory. After two decades of research, the paradigm
of shearing flows regulating turbulence [3] is widely accepted
as an explanation for the reduction of the transport, but the
detailed mechanism which gives rise to the barriers remains
unclear. In this sense, phase transition models [3, 4] have been
proposed for the shear formation. The purpose of this work is
to contribute to the assessment of the validity of these models
by the experimental verification of some of their observable
consequences.

In this paper we focus on the transition leading to the
emergence of the edge shear-flow layer during low-density

ECRH discharges in the TJ-II stellarator. This transition has
been the subject of a consistent research effort over the last
decade and ample documentation about it can be found in
the literature [5–7]. Essentially, it consists in an inversion
of the radial electric field, Er , which takes place in a radial
region of the plasma (roughly ρ ∈ [0.5, 0.9]) when a certain
critical line density, ncr � 0.6 × 1019 m−3 is achieved, thus
giving rise to a poloidal shear flow. The exact value of the
threshold has been found to depend moderately on the injected
power and minor radius, but not on the rotational transform [8].
This event changes the radially inward-positive field existing
in the edge before the transition by the emergence of inward-
negative field [6], creating a perpendicular Er × B velocity
shear layer. After this, an increase in particle confinement
has been observed [5], thus establishing an effective transport
barrier. It should be noted that this is not an L–H transition:
the plasma density is well bellow that needed for it (in the order
of nL–H � 2 × 1019 m−3), and the energy confinement time,
τE , seems unaffected by the transition. Recent studies [9]
have shown how the shear layer originates in the region of
maximum density gradient (ρ � 0.7) and then propagates
radially outward (the fully developed shear layer is located at
ρ � 0.9). A similar but inverse process takes place during the
density ramp-down, when the shear layer disappears. Later
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work [10] detailed this interplay between the transport barrier
and the density profiles by means of a Bayesian multidiagnostic
analysis. Therein, two effects are reported as a consequence
of the barrier: the increase in the density gradient in the
pre-transition maximum gradient region (where the shear
originates), and the emergence of a second density gradient
near the separatrix. As well, HIBP data show a drop in 100–
300 V on the edge potential profile, yielding a negative radial
electric field of some 300 kV m−1.

During the transition, a clear reduction in the isotropy
of the fluctuations has been observed both by probes [7] and
fast cameras [11], which report an increase in the 〈ṽr ṽ‖〉 and
〈ṽr ṽ⊥〉quadratic terms, respectively. This is in good agreement
with the turbulence shearing mechanism as an explanation
for the transport reduction. As well, the formation of the
shear layer is preceded by an increase in the radial velocity
Eθ × B fluctuations and the associated transport �E×B , and
followed by a general reduction of turbulent fluctuation levels
[6]. This has been interpreted as an indication of a self-
consistent mechanism in the formation of the shear: according
to the simple model proposed in [4], the mean sheared flow
is amplified by the Reynolds stress and the turbulence level is
reduced by the latter. With these two competing effects, the
system has two equilibrium states: a no-shear, high turbulence
regime or, when a certain critical threshold is surpassed, a
non-zero shear and reduced turbulence one. The transition
between them is a continuous bifurcation. Later experimental
findings [12] showed the presence of long range correlations
in the floating potential signals (and not in the saturation
currents) of two toroidally separated Langmuir probes during
the transition. These correlations were mostly caused by low-
frequency (<20 kHz) global modes [13] which are not reduced
by the transition, suggesting that zonal flows may also play a
relevant role in the formation of the transport barrier [14]. An
update of the model [15] completed the previous picture by
including the zonal flow shear amplitude, reaching very good
agreement with experimental data.

The rest of the paper is organized as follows. In section 2,
a low-density transition model in TJ-II is introduced and
some theoretical link to transition theory is provided. In
section 3 the experimental procedure is explained and the
relevant diagnostics and their setup are described. In section 4
experimental results are presented, analyzed and discussed.
Finally, conclusions are summarized in section 5.

2. Low-density transition models

Regarding the connection with phase transitions, TJ-II shear
formation has been described by reduced models based on the
paradigm of shear-flow amplification by Reynolds stress and
turbulence suppression by shear which explicitly discuss the
possibility of a second-order transition as the mechanism for
the bifurcation [16, 17] (first order transitions were disregarded
after the absence of hysteresis was confirmed experimentally
[6]) and find it consistent with critical exponents determined
empirically with detailed probe measurements. In particular, in
[16], a simple local three-equation model couples the averaged

fluctuation level to the density gradient and the local value of
the shear flow:

dE

dt
= NE − α1E

2 − α2U
2E, (1)

dU

dt
= α3UE2 − µU + T , (2)

dN

dt
= � − DEN, (3)

where E is the averaged fluctuation level, U is the local shear
flow, N is the density gradient and � is the particle flux.
The last term on the rhs of equation (2)—not included in the
original reference—has been introduced to explore some of the
properties of the transition: it represents an oscillating external
torque, T = τ cos(ωt), of frequency ω. Further details on the
derivation of the model and the different parameters in these
equations can be found in the original paper.

In the τ = 0 case, this model possesses a critical point,
defined by a certain value of the control parameter, � = �c,
where U undergoes a second-order transition in which the
system transits between the aforementioned two equilibrium
states, which correspond to the two families of solutions of
the set (1)–(3): for � < �c the only equilibrium solution
is U = 0 whereas for � > �c solutions with U �= 0 are
allowed. One of the most characteristic fingerprints of a such
transitions in thermodynamic systems is the divergence at the
critical point of the susceptibility χ , defined, as in any critical
transition, as the derivative of the order parameter with respect
to an external field. In our case, the shear-flow susceptibility is
defined as χ = ∂U/∂T for stationary solutions. Interestingly,
equations (1)–(3) reduce, in the neighborhood of the critical
point, for small τ and in dynamical equilibrium (d/dt = 0),
to the well-known equation from Landau’s theory of phase
transitions [18], i.e. they have the form [19]√

�c

D
U 3 − � − �c

D
U = T

α3
, (4)

where �c = Dµ/α3. Of course, in a stationary solution,
N can be used as a control parameter as well as � (and the
equivalent Nc instead of �c). This notation will be adopted in
the following for the sake of a more convenient comparison
with the experiment: as already explained, the critical point
of shear layer formation, ncr, is detected in TJ-II on the line
density (which can be roughly related to the density gradient
N ), as measured by the microwave interferometer. Obviously,
ideal equilibrium conditions cannot be achieved in real-world
experiments and therefore an approximated expression for the
susceptibility has to be provided. In order to do so, we treat the
torque term as a perturbation of the system and use a two-time
scale approach to solve equations (1)–(3). The slow scale is
the evolution of the density and the fast scale is the oscillation
of the field, related to the polarization frequency ω. In this
way, we can find an approximate solution of the flow below
and up to the critical point,

U = τ

µ

[(
(N/Nc)

3/2 − 1

)2

+ (ω/µ)2

]−1/2

cos (ωt + ϕ), (5)
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Figure 1. Frequency dependence of the evolution of U and χ (as expressed in equations (5) and (7) and represented by blue and red lines,
respectively) during the transition. TJ-II typical conditions of µ = 50 000 s−1 and n1 � 1.5 × 1019 m−3 s−1 have been assumed. The
calculation has been carried out for external perturbation frequencies of 100 Hz (left), 500 Hz (center) and 2000 Hz (right).

where

ϕ = arctan
ω/µ

(N/Nc)3/2 − 1
. (6)

As already explained, Nc is the density gradient at the
critical point, τ and ω are the amplitude and frequency of the
polarization and µ is the effective flow-damping rate. In this
approximation, susceptibility can be expressed as

χ = 1

µ

1√
[(N/Nc)3/2 − 1]2 + (ω/µ)2

. (7)

Note that the divergence is recovered in the limit N → Nc

for the case ω = 0 and that, again, this expression is only valid
for N < Nc. Equation (7) provides a practical expression
to carry out a comparison between model and experiment:
when the critical point is achieved, the susceptibility displays
a maximum (instead of the divergence of the stationary
solution).

Now, if we assume a linear change in this local density,
n(t) = C + n1t , we can estimate the time it takes to double the
amplitude of the oscillations when moving toward the critical
point,

td = ncr

n1

[
1 −

(
1 −

√
3

ω

µ

)]2/3

. (8)

In order to properly detect the change in amplitude of the
oscillation, this time must be td > 2π/ω. At the same time, for
the envelop of the fluctuations to show up clearly the peak at
the critical point, we need µ/ω 
 1. From these conditions,
we can state that the frequency of the applied torque must be
in the range √√

3

2

n1

ncr
µ < ω 
 µ. (9)

The expected divergence in equation (7) is the central topic
of this, since it provides an empirical test for the validity of
the model. The external forcing term can be induced in the
plasma by means of dynamic biasing: if a radial electric field
is externally induced in the shear layer region of the plasma,
it gives rise to a jr × B force, which affects the momentum

balance accordingly. In our experiments, the biasing will be
modulated as T = τ cos(ωt) in order to resemble the forcing
term of the model and the response of the order parameter (the
flow shear, U ) to the variation of this jr × B force can be
measured by edge diagnostics. In the following, the process
of externally modulating the radial electric field of the shear
region of the plasma (described in detail in section 3) will be
simply referred to as polarization. Regarding scale separation,
the variation of the control parameter (in our case, the density
gradient N , approximated by the line density, n) must be made
slow enough to have its characteristic evolution time clearly
over the time scales of the perturbation. With this purpose,
slow ramp up experiments, where the critical density value is
crossed as slow as possible while a sinusoidal external field was
applied during the ramp, were carried out. Under TJ-II typical
conditions, we can assume values of µ = 50 000 s−1 [17]
and n1 � 1.5 × 1019 m−3 s−1 for equation (8), meaning that
biasing frequency must remain approximately in the range
300 Hz < ω 
 50 kHz. In figure 1, the evolution of U

and χ is calculated assuming these experimental values for
three different frequencies: one under the lower limit (100 Hz),
and two within this frequency range (500 and 2000 Hz). It
must be remembered that the approximate solution described
in equations (5) and (7) is only valid below the critical point.
Still, curves have been represented on the two sides of the
transition for a better perception of their behavior. As can be
readily seen, in the left plot the duration of the peak is under
one period of the oscillation. Since the phase is changed in the
transition, the peak is thus not observed in the oscillation, but
only in the envelope. On the other hand, for the high-frequency
plot of the right, envelope and oscillation coincide neatly,
but the amplitude of the peak is very low. In the proposed
experiment, the shear is directly measured by diagnostics while
the susceptibility χ is calculated as its envelope. Therefore,
this effect is only expected to become detectable for a range
of frequencies over 300 Hz (such as the 500 Hz center plot of
figure 1).

3



Plasma Phys. Control. Fusion 54 (2012) 065006 D Carralero et al

Figure 2. Top: TJ-II general layout. Bottom: toroidal positions of
diagnostics (light blue) and biasing systems (red) are indicated.

3. Experimental setup

The TJ-II stellarator (figure 2, top) is a four period, medium size
heliac currently under operation at CIEMAT, Madrid. Its main
parameters are major radius R = 1.5 m, average minor radius
a = 0.22 m, magnetic field BT � 1 T, and rotational transform
in the range ι(a)/2π � 0.9–2.2. Its heating systems include
two ECRH gyrotrons of 300 kW (nominal power) and two NBI
injectors with 1 MW of nominal power each. Central electron
temperatures up to 2 keV and densities of up to 8 × 1019 m−3

are achieved. Typical values of Te and ne in the edge during
an ECH discharge (as the ones described in this work) are
around 50–100 eV and 0.25×1019 m−3, respectively. Plasma-
wall interaction is usually localized at the toroidal limiter
(stainless steel casing of the central solenoid), but can be
changed by the insertion of a movable poloidal carbon limiter.
Its vacuum vessel is made of stainless steel, although recycling
processes are controlled by regular boron and lithium wall
coatings.

To carry out the polarization, a movable electrode is
introduced into the plasma. The electrode carbon head, placed
around the ρ � 0.8–0.85 flux surface is then polarized with
respect to the poloidal limiter, which is placed in the LCFS,
some 100◦ toroidally away from it. To observe the effect

of the polarization in the plasma radial electric field, two
diagnostics are employed: a rake Langmuir probe [20] for
the measurement of floating potential in the outermost radial
positions (ρ � .85–1) where the polarized field is applied, and
a Doppler reflectometer [21] for the measurement of the radial
electric field Er at the inner edge (ρ � 0.7–0.8). The relative
positions of the different diagnostics, the biasing electrode and
the limiter can be seen in figure 2, bottom.

The rake probe, displayed in figure 3, top, consists of
12 radially distributed pins (radial array, channels 4–15),
separated by equal spaces of 3 mm, plus a set of three pins on
its tip (poloidal array, channels 1–3), separated 6 mm radially
from the last of the 12 pins, and roughly aligned along the same
flux surface, ψ . This minimum separation of 3 mm between
any two pins is sufficiently greater than the ion Larmor radius
(around 1 mm) to ensure non-overlapping collections. All the
pins of the probe are approximately perpendicular to the local
magnetic field. As well, as can be seen in figure 3, pins in the
radial array are also approximately perpendicular to the local
∇ψ , and therefore, each of the collection areas falls roughly
in the same flux surface. During the experiment, a constant
radial position was selected for the probe: the poloidal array
was placed at ρ � 0.86 while the radial array was distributed
from ρ � 0.88 to ρ � 1. It must be noted that in this
position, the rake probe covers all the flux surfaces between the
limiter and the electrode head, thus observing all the plasma
region being directly polarized (see figure 3). All pins of the
radial array are instrumented to measure floating potential, thus
providing an instantaneous 12 point floating potential profile
(φ4−16), from which electric field and its local radial derivative
can be approximated. In the poloidal array, the central pin
measures saturation current (IS) while the other two measure
floating potential (φ1,3). All signals are acquired at 2 MHz
sampling rate.

The TJ-II Doppler reflectometer has been in operation
since 2009. The system was designed to have an optimum
spectral resolution. To that end, a chocked-corrugated antenna
and a steerable ellipsoidal mirror are used to focus the beam
to the cut-off layer in the plasma with a well-defined beam
waist [21]. A sketch of the system is shown in figure 3, bottom,
together with the flux surfaces of the TJ-II standard magnetic
configuration. The figure also includes the result of the three-
dimensional ray-tracing code TRUBA (blue line) and that of
the two-dimensional full-wave code [22], demonstrating the
good performance of the system. The Doppler reflectometer
has two channels whose frequencies can be independently
selected what allows for measurements of the radial electric
field, radial electric field shear and density fluctuations with
good temporal and spatial resolution [23].

For the realization of the experiment proposed in section 2,
a number of reproducible ECRH heated plasma discharges
were made to slowly increase their density over the critical
point while different perturbation values being applied. The
selected magnetic configuration is the standard 100 44 64,
which limits the presence of low order rationals in the
biasing region. In figure 4, a representative discharge is
displayed: line-averaged density starts at ne � 0.5 × 1019 m−3

(clearly before the transition occurs) and increases over some
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Figure 3. Main diagnostics layout. Top: the vertical–radial section
of the rake probe, containing both the radial and the poloidal arrays,
is represented (black silhouette). Background colors and isoclines
(dotted lines) represent flux surface ρ at the standard configuration
100 44 64. Both the electrode outermost position (ρ � 0.85,
orange) and the limiter innermost position (ρ = 1, blue) flux
surfaces are highlighted, thus indicating the polarized region.
Channel numbers associated with each pin are displayed. Bottom:
doppler reflectometer sketch, showing the antenna and the
ellipsoidal mirror along with the standard magnetic configuration
flux surfaces. The blue line and the contours show 3D ray tracing
and 2D full wave code simulations, respectively.

80 ms until the critical point is reached (ne � 0.6 × 1019 m−3).
The clear increase in the interferometer level of fluctuation
is a characteristic sign of the global transition [24].
After the transition is complete, the improvement in the
particle confinement regime accelerates the growth rate of

the integrated density, which continues for some tens of
miliseconds up to values around 0.8 × 1019 m−3, again clearly
away from the transition. In order to represent the proximity
to the transition in a standard fashion, the normalized density
n0 is defined as n0 = |ne − ncr|/ncr. In this paper we will
arbitrarily define the ‘transition region’ as the time in which
the line density is within a 10% difference with its critical
value (i.e. when n0 � 0.1). Both n0 and the transition region
are represented in figure 4 (and subsequent ones) as a green
curve and shadowed area, respectively. A word of caution is in
order, though: the transition time has been reported to depend
on the radial position [9]. Since interferometer data are line-
averaged, the time at which ncr occurs must not necessarily
coincide with that of a given radial region (e.g. the edge). This
issue is addressed in section 4.2.

During the whole discharge, a constant ac sinusoidal
biasing is applied to the plasma (see figure 4). The use of
a pure sinusoidal perturbation has the advantage of a clear
signature in Fourier space which allows for an easy recognition
of its effects. With this purpose, TJ-II has recently been
equipped with a dynamical polarization source, which allows
for ac potential perturbations up to 1 kHz. As can be seen in
figure 4 though, the biasing wave is not perfectly sinusoidal
due to technical limitations of the power source. However, as
shown in the spectral analysis of figure 6, it is good enough to
make harmonics negligible. Note in passing that, although this
biasing only affects directly the potential at the flux surfaces
corresponding to the electrode and the limiter, it is reasonable
to expect that it will induce a (linear, at the lowest order)
modification of the radial electric field. The rationale for
this is the observed rigid behavior of the potential profile at
the plasma edge in the vicinity of the transition: since the
potential profile in the interval ρ ∈ [0.8, 1] is monotonic
and its value at the SOL can be considered roughly constant,
the radial electric field in the region will be approximately
proportional to the potential difference between the electrode
and the limiter. Amplitudes between 50 and 125 V have been
applied, covering the range in which some effect is detected in
the probes without inducing disruptive effects on the plasma.
Regarding the frequency, ω values in the range [100, 500] Hz
were applied, in order to cover both the domain described by
equation (8) and compare the resonance over and under the
limit defined in it.

4. Results

As explained in section 1, a well-known feature of the low-
density transition in TJ-II is the inversion of the floating
potential profile, which goes from an inward-positive to
an inward-negative electric field when the critical point is
surpassed. This change of the electric field results in
an inversion of the perpendicular vE×B rotation direction
(vE×B ∝ Er/B), which goes from ion-diamagnetic to
electron-diamagnetic. Typical behavior of a representative
discharge, as measured by the diagnostics, is displayed in
figures 4 and 5, where the aforementioned transition behavior
can be easily appreciated: in figure 4, the line density starts
at a subcritical value (ne � 0.5 × 1019 m−3), and slowly
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Figure 4. Measured signals on a representative discharge (25540). Top: density evolution of a representative discharge is displayed in
black. Normalized density, n0 = |ne − ncr|/ncr (ncr being the critical density), is represented in green. Transition region (arbitrarily defined
as n0 � 0.1) is displayed as a shadowed area. Middle: biasing voltage as measured in the power source (blue) and the floating potential
measured in pin number 4 (red). Bottom: spectrogram of the Doppler reflectometer measured at ρ � 0.8. The color represents the reflected
signal spectral power for a given time and Doppler shift; The frequency of the maximum shift yields the radial electric field, Er .

increases until the transition is reached (blue dashed line,
increased fluctuation) and surpassed. The floating potential
of pin number 4, φ4, starts in a positive value, crosses the
φ4 = 0 line at the time in which the transition takes place
and becomes negative when the critical point is surpassed,
reversing the process as the density drops again at the end of the
discharge. The rotation (shown by the Doppler reflectometer
Er ) changes accordingly, following the evolution of the density
in the same way. In figure 5, where the five innermost floating
potential channels are displayed, the inversion of the electric
field around the transition can also be observed (innermost pins
change from positive to negative potential, while outermost
remain largely on the same potential, close to 0 V).

4.1. Signal Polarization

Regarding the role of the polarization, there are some effects
which can be observed even in the raw data: first of all,
floating potential signals are polarized by the sinusoidal bias.
This effect is obvious in the innermost channels (closer to the
electrode) and becomes less pronounced when going radially

outward. Both phenomena are straightforward results of the
polarization and have been observed in other experiments.
More interestingly, the effect of the polarization seems to be
more pronounced during the transition than before or after it:
at the two values of the time (t � 1080 ms, 1240 ms) for which
φ4 � 0, the shape of the floating potential signal becomes more
sinusoidal. This effect can also be observed in the other φf

channels on the left side of figure 5. As well, the IS signal,
which was otherwise apparently unaffected, seems to become
slightly polarized around those times. A similar evolution is
observed in Doppler reflectometry: the frequency of the Er

spectra is modulated all along the discharge and the amplitude
of the modulation increases during the transition.

If a band-pass filter is applied in order to select only those
frequencies around that of the polarization (e.g. a [250, 350] Hz
band for discharge 25540, polarized at 300 Hz), the described
effects become much more distinct. As can be seen in the
right columns of figure 5, the amplitude of the filtered signal
is clearly amplified during the transition. Again, this effect
becomes weaker as the distance between the electrode and the
pin increases, becoming much less intense for φ7 and negligible

6
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Figure 5. Probe channels φ3−7 (blue) and IS (black) are displayed for discharge 25540 (300 Hz). Units are V and A, respectively. Raw data
are displayed on the left column and band-pass filtered data on the right one. At the bottom of both columns n0 is represented to show the
transition region, highlighted as a shadowed area.

for non-displayed φ9 (ρ � 0.93, some 20 mm away) and outer
pins. A similar behavior is found in Er (see figures 6 or 7).
In the case of IS, the amplitude of the filtered signals seems to
be non-zero only during the transition, displaying a surge in
the polarization rather than the amplification observed in the
electrostatic signals φf and Er .

The analysis of the Fourier spectra of the signals is
consistent with the previously described effects: as can be seen
in figure 6, φf 4 displays a strong component in the polarization
frequency, which is at least one order of magnitude over higher
frequency components and becomes amplified (by a factor
around 3–5) when the transition region (t ∈ [1160, 1180] ms)
is reached. The spectrum of Er , although sampled at lower
frequency, shows the same behavior. In the case of IS, the
polarization frequency component begins at the same level
than higher frequencies and its amplification is much more
pronounced (around two orders of magnitude). In all cases, the
value of the polarized component decreases after the transition
but remains greater than before it. This analysis also provides
information about the validity of the experiment design: on
the one hand, the polarization is strong enough to be the most

relevant component of the spectrum and, on the other hand,
the quality of sinusoidal form is good enough to avoid the
presence of harmonics, decoupling the polarization frequency
from other frequency bands. In this sense, an analysis of the
pass-band filtered signals seems to contain all the relevant
information, as was originally intended when the sine wave
was chosen.

4.2. Amplification

In order to quantify the described amplification effect, a
different approach (other than Fourier analysis) has to be
devised, though. When using fast Fourier transform, the
minimum window size for a given sampling rate is determined
by the desired frequency resolution. Given the low frequency
of the polarization (when compared with the sampling rates),
a high-frequency resolution is required in order to adequately
distinguish the polarized component, which in turn requires
wide windows (of the order of tens of miliseconds). The
resulting Fourier component would then be averaged over
an interval of the order of or greater than the characteristic

7
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Figure 6. Signal spectra of discharges 25540 (300 Hz, top) and 25544 (500 Hz, bottom). From left to right, φf 4, IS and Er spectra are
displayed at different time intervals, corresponding to the state before ([1100,1120]), during ([1160,1180]) and after ([1200,1220]) the
transition. Their polarization frequencies and spectrum maxima are highlighted.

evolution time, yielding a convolution of the amplification
rather than its instantaneous value. A more robust method
is to directly observe the variation of the amplitude of the
polarization component by measuring the distance between
successive maxima and minima of the band-pass filtered
signal. The use of this method for discharges 25539 (200 Hz)
and 25540 (300 Hz) is displayed in figure 7. For each
discharge, both Er and φ4 are filtered using a band around
their polarization frequencies (respectively [150, 250] Hz and
[250, 350] Hz) and their maxima and minima are highlighted.
Then, the difference between each pair of successive extreme
values is represented as a dot on the top figure. In order to
obtain comparable relative amplifications, these signals are
normalized with the average value of the amplitude over the
[1100, 1130] ms interval. As well, a smoothed curve is fitted
in this data and displayed as a guide to the eye.

The results of this analysis are similar to those already
described: both Er and φf are clearly amplified in the
neighborhood of the critical point. The quantification yields
maximum relative amplification values in the order of 2–5
for the probe and 3–7 for the reflectometer. Moreover,
the comparison of reflectometer and probe data provides
additional insight: in the first place, despite the difference of
radial position, sampling rate and measuring different physical
quantities, the behavior of their respective raw data is relatively
similar. Moreover, although the relative amplification of Er is
greater than that of φf , the difference is under a factor two and
both the increase and the final flattening of the amplification
seem to take place at the same times. On the other hand, Er

achieves its maximum value some 10 ms before φf . This is
even visible on the filtered signals in the lower part of the figure.

In this sense, it is interesting to observe the radial
dependence of the maximum amplification time on the probe

channels. In figure 8, the time evolution of the amplification
of channels φ3−7 is represented for discharges 25543 and
25544. These discharges have been selected due to their
high polarization frequency (500 Hz), yielding a greater time
resolution in the amplification signal. Indeed, there seems to be
a dependence of the maximum amplification time (highlighted
by the black triangle) on the channel number. In the inset,
the ρ position of each corresponding pin is represented against
the time of the maxima: the channel at ρ � 0.86 achieves
its maximum amplification some 10–15 ms later than that at
ρ � 0.91, some 15 mm radially outward. The resulting
propagation velocity of the order of 1 m s−1 indicates the result
of different local evolutions of the parameters which trigger
the amplification. According to the proposed interpretation, in
which the amplification would take place during the transition,
the parameters would be those involved in the transition, such
as the density or the density gradient (which indeed have
such characteristic evolution rates). This result would be in
agreement with previous work [9] describing the low-density
transition as a local, asynchronous phenomenon, dependent
on the radial position. This also fits rather neatly with the
radial propagation of the change of the radial electric potential
profile taking place during the transition described in [10]. In
that work, a velocity of 2 m s−1 is reported and also related to
the speed of the density increase rather than to any transport
effect.

4.3. Effect on the shear flow

The coincidence of the amplification of the polarized
component of φf or Er with the time of the low-density
transition is indeed an interesting result. However, as was
explained in section 2, the order parameter of the transition (i.e.
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Figure 7. Filtered data amplification analysis for discharges 25539 (left) and 25540 (right). In each column, bottom and middle plots
represent, respectively band-pass filtered Er and φ4. Maxima and minima are highlighted in black and blue, respectively The bands of the
filters are around the polarization frequencies ([150, 250] for 25539, polarized at 200 Hz, and [250, 350] for 25540, polarized at 300 Hz).
The top figure displays the relative amplification of Er and φ4 as measured from the difference between the highlighted extreme values
(black and blue dots, respectively). A 10 point smoothing fit has been provided as a guide to the eye. n0 is represented as a green line,
increased by a factor 10 to fit the figure scale. Transition region is highlighted as a shadowed area.

Figure 8. Time dependence of the maximum amplification. The time evolution of the amplification of channels φ3−7 (dark to light blue) is
displayed for 500 Hz polarization discharges 25543 and 25544. Maxima are highlighted with a black triangle. In the inset, the ρ of the
channel is plotted against the time of the corresponding maximum.

the quantity that changes from zero to a non-zero value above
the critical point) described in second-order phase transition
models is the poloidal velocity shear U and not φf or Er , and
the amplification was expected on the shear-flow susceptibility,
χ , as defined in equation (7). To relate the variables in
the model with the experimental measurements, a similar
approach as the ones already explained is undergone: since the
variation of τ remains constant during the whole discharge, the
susceptibility may be experimentally approximated as χexp ≡
�∂rEr/�τ , where � represents the variation in the amplitude
for a given polarization cycle and ∂rEr is interpreted as the
experimental approximation of U , which can be obtained with

reasonable accuracy using several channels of the available
diagnostics. The change in the amplification �∂rEr can be
calculated in the same way it was for φf and Er,reflec. Finally,
since �τ = cte (as can be seen in figure 4), it is possible to
measure a normalized value of the susceptibility at the critical
point,

χc = χtc

χt0

= �∂rEr |tc
�∂rEr |t0

, (10)

where tc and t0 refer to the time in which the critical point
is achieved and some time far from the transition. By these
means, the amplification effect of the susceptibility can be
observed in the measurements. In the case of the probe, given

9



Plasma Phys. Control. Fusion 54 (2012) 065006 D Carralero et al

Figure 9. Susceptibility amplification of discharges 25539 (left) and 25540 (right). Top figure displays the spectrum of (∂rEr)5 at intervals
before, during and after the transition. Bottom figure displays band-pass filtered shear flow (∂rEr)ref (black triangles) and (∂rEr)5 (blue
triangles) and the mean susceptibility χexp (the amplifications of the shear are calculated in the same way as figure 7 and normalized over
their average values in the [1080, 1120] interval, thus yielding χexp). The green line in the middle figure represents n0, increased by a factor
10 to fit the figure scale. Transition region is highlighted as a shadowed area.

the radial resolution of the radial rake, the approximation

∂Er

∂r

∣∣∣∣∣
5

� φ4 − 2φ5 + φ6

h2
(11)

provides a good measure of the poloidal velocity shear in the
ρ = 0.91 ± 0.01 radial region (about 6 mm wide). Regarding
the reflectometer, since it already measures the radial electric
field Er , it is only necessary to calculate the first derivative,
and therefore it suffices with its two channels (provided that
the radial distance between their measurement regions is not
very wide):

∂Er

∂r

∣∣∣∣
reflec

� ErChan2 − ErChan1

2h
. (12)

In this case, the observed radial region would be ρ = [0.74–
0.8] (around 12 mm wide). Therefore, (∂rEr)5 and (∂rEr)reflec

are equivalent measurements of the poloidal velocity shear U ,
placed at similar distances to the electrode (ρ � [0.8–0.85]),
respectively, toward outer and inner positions. Moreover, only
the probe is placed in the directly polarized region (comprised
between the electrode and the limiter).

The effect of the polarization on the shear flow is displayed
in figure 9. In it, a similar analysis than that displayed
in figures 6 and 7 is conducted for (∂rEr)5 and (∂rEr)reflec

signals from discharges 25539 (left) and 25540 (right). On
top, the spectral analysis reveals the emergence of noise at
higher frequencies, probably as a result of the derivative
approximation. Still, the polarized component dominates
the low-frequency range and is clearly over the noise during
the transition. In this sense, the previous analysis method
remains meaningful. The amplification analysis is also similar
to the one already explained for raw data and displayed in
figure 7. (∂rEr) and �∂rEr are normalized over their average
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Figure 10. Comparison between model an experiments: the evolution of shear and susceptibility is displayed for both the experimental and
model data for several discharges with different polarization frequencies. Polynomial fit of the experimental points is also displayed as a
guide to the eye. Model evolution is calculated by introducing experimental measurements or estimations of N , µ, ω and τ in equations (5)
and (7). Since this approximation is only valid for N < Nc, model data are only presented up to the transition point, designated by
normalized density n0, which is increased by a factor 10 in order to fit the scale of the figure.

values at the interval [1080, 1120] (considered representative
of the stationary state far away from the transition, designated
by t0 in equation (10)). As can be seen, the amplification
during the transition does also occur for the shear, achieving
even greater relative amplification values in the case of the
probe. Interestingly, the maximum relative amplification
values measured by the probe and the reflectometer are much
closer in this case.

Finally, a direct comparison between model and
experiment is presented in figure 10: in it, the evolution of
susceptibility as detected in the experiment and as calculated
by the approximated perturbed transition model discussed in
section 2 is compared. Experimental data are obtained from
probe measurements in the same way as those displayed in
figure 9 and also normalized with their average values over
the interval [1080, 1120]. Regarding theoretical values, the
evolution of N is estimated from experimental values of line
density, as measured by the microwave interferometer. ω and
τ are known inputs of the polarization and the aforementioned
value of µ = 50 000 s−1 is assumed. Experimental and
theoretical susceptibilities are then calculated according to
their definitions in equations (10) and (7), respectively. The
discharges in the figure have been selected as two examples of
different frequencies ω with a relatively slow passage of the
critical point, resembling two of the cases of figure 1: in the left
plot, the ω = 100 Hz case is displayed, well under the 300 Hz
lower limit of equation (9). As expected, no amplification of
the oscillation around the transition is observed experimentally
in this case. In the right plot, the ω = 500 Hz case is
displayed, now in the range in which the effect is expected
to be observed. Indeed, as can be readily seen in the figure, the
agreement between experiment and theory is very good, going
as far as displaying similar values of normalized amplification.
Intermediate frequency cases (such as the ω = 200, 300 Hz
ones displayed in figure 8) display only moderate similitude
with the model susceptibility, in agreement with the 300 Hz

criterion. In any case, and taking into account the conceptual
simplicity of the proposed model, we conclude that the the
behavior of the real system is consistent with its predictions.

5. Conclusions

After the analysis of the results, we conclude that the
experiment shows a behavior consistent with the proposed
theoretical model: an amplification of the shear-flow
susceptibility takes place in the neighborhood of the critical
point for the low-density transition since, while keeping a
constant variation of the forcing term, the amplification of the
poloidal shear flow increases in the vicinity of the transition.
Interestingly, this behavior is also displayed by the original
measurements of the probe and the reflectometer (respectively
φf and Er ). There is a very good experimental agreement
between different diagnostics: both measurements of the
shear amplification show equal values of relative amplification
(despite showing different amplifications when the raw data
are compared) and a similar evolution before and specially
after the transition. A consequence of this could be that
the effect is achieved equally in the directly polarized region
(that between the electrode and the limiter) and in a region
several centimeters further inside the plasma. In the case of
the flow shear amplification, both diagnostics report relatively
close maxima. In the case of the raw data, though, there
is a clear time difference of about 5–10 ms between them.
This can be explained in terms of evolution of different local
conditions leading to different transition times. In agreement
with this interpretation, there is an apparent propagation of
the maxima in the radial rake probe of the order of 1 m s−1,
which coincides with the propagation of the radial potential
profile due to the density raise described in previous work.
The effect on the IS fluctuation is different: in contrast
with electrostatic signals, which at all times display a clear
polarization which is merely amplified during the transition,
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current signal appears unaffected by the bias until the critical
point is reached. In this sense, it would display a surge
in the polarization rather than an amplification. Finally, a
comparison between experimental values of susceptibility and
the predictions of a simplified, two-scale dynamical system
model for the transition displays good agreement within the
parametric range of polarization in which the scale separation
is kept. The observed limit values of this parametric range are
also in good agreement with the model. These observations
support the qualitative validity of the employed models, and
add evidence to the paradigm of shear layer emergence as
a second-order phase transition. Still, these results cannot
yet be extended beyond the qualitative analysis: on the one
hand, this representation of the transition relies on relatively
simple models which will need further refinement in order to
produce quantitative prediction. On the other hand, the system
response to the perturbation should also be quantified in a more
extensive experimental program, in order to systematically
determine its dependence on several parameters, such as the
amplitude and frequency of the perturbation. In particular, a
cleaner detection of the susceptibility maximum at the critical
point would require a slower density increase. From an
experimental perspective, this raises a number of technical
difficulties related to the improvement of the density control of
the discharges. Ultimately, both the refined predictions and the
extensive experimental results could be compared to assess the
quantitative validity of the description of the transition. These
lines of research are left for future work.
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