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Due to the geometry of the magnetic field in magnetically confined plasmas, there are regions

where the field lines are closed. In these regions, called rational surfaces, turbulent vortices can

be generated as filamentary structures. The TJ-II has a low magnetic shear which leads to the

formation of a low number of low order rational surfaces with a long radial separation among

them. As a result, wide magnetic islands and turbulent vortices are generated in those surfaces.

The filaments in this work are related to these vortices so large structures can be formed and

subsequently be easily detected. In this work we present a detection method for filaments using

the Transfer Entropy (TE) technique.

The Transfer Entropy is a technique introduced in the Information theory field. Having two

signals, the TE measures the information flow from one signal to the other one. The transfer

entropy is a measure of causality. That is, if we can predict better the signal X using the infor-

mation contained in signal Y then we can say Y causes X . One of the main advantages of the the

TE is that it is directional. This relatively new technique has been already applied to different

cases in Fusion plasmas [1, 2]

In this work the filaments present in the plasma are crossing distant probes and the TE tech-

nique can detect them. A recent experiment in TJ-II identified filamentary structures using the

TE [3]. Two Langmuir probes, located at different poloidal and toroidal angles, were measur-

ing the floating potential Vf at the same radius r/a = 0.85. Furthermore, a biasing probe was

introduced to control and generate an E ×B flow at the edge of the plasma. Then the TE was

applied to the signals captured by the Langmuir probes. High values of TE indicated that the

information is flowing in one direction. In addition, high TE areas were visible at times which

coincide when the biasing probe is set. So in this sense, the TE can detect not only when the

plasma is rotating but the direction as well.

The experimental TE results in Ref. [3] showed an information flow between probes with a
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Figure 1: Spatial points where the per-

turbations of the electrostatic potential are

close to the maximum in TJ-II.

Figure 2: Transfer entropy from one refer-

ence point (“A” in Fig. 1) to a set of points

distributed poloidaly at the opposite side

(“B” in Fig. 1).

time delay of the order of 0.002ms. Since probes are separated physically by a few meters, that

would mean a speed propagation of 103km/s which does not make sense in this kind of plasmas.

However, what we are actually seeing is a filamentary structure rotating poloidaly and crossing

the probes. Notice that in a poloidal cross section the probes have a poloidal separation of the

order of centimeters. From this point of view, we obtain a poloidal velocity around 2km/s which

is consistent with the poloidal velocity generated by the biasing probe.

In order to understand the experimental results, we use a two-fluid resistive MHD model

based on pressure driven instabilities. The model has been used several times to interpret the

results of the TJ-II device [1, 3]. The model is used as a tool to qualitatively understand the

underlying physics.

Using our numerical simulations, we measure, at different spatial locations, the electrostatic

potential Φp. As the filaments are rotating in the plasma, the TE can detect whether they are

crossing the different measuring points. Using this method we can identify filamentary struc-

tures and obtain some of their properties. Langmuir probes are limited to the plasma edge but

numerical simulations allow to explore all desired plasma locations.

Simulations are run using the MHD model until a steady state is reached. First, at some

arbitrary time, we can plot the spatial points where the electrostatic potential is close to the

maximum Φp > 0.9Φp max. Figure 1 illustrates these points in a TJ-II geometry. Clearly the

points are distributed in a filamentary way.

Different measuring points are placed in the plasma. One reference point is located at one

side of the torus (“A” in Fig. 1) and then, a set of 120 points is placed at the opposite side (“B”

in Fig. 1). The set of 120 measuring points are distributed in the poloidal direction. Therefore
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the Transfer Entropy should be able to find whether a perturbation (filament) in the reference

point has been then detected in the points at “B”.

Simulations are run for a long time in the steady state. We measure, intentionally, the Φp in

r/a= 0.75 where the main rational surface n= 8/m= 5 (n and m being the toroidal and poloidal

number respectively) is located. Then the TE is applied to the signals form measuring points.

Figure 2 illustrates the TE results from the reference point to each of the other points. The

figure shows, at a given time lag, periodic high TE areas. Notice that these areas are showing a

connection between the reference point and that poloidal position. Therefore, the TE is detecting

different pieces of the filamentary structures.

The periodicity observed in Fig. 2 is twice the poloidal periodicity of the rational surface

m= 5. The reason of the different periodicity is that the TE is capturing the maxima and minima

in Φp. For higher time lags the TE is decreasing probably because the filament is evolving and

the technique is not able to detect it.

The high TE areas in Fig. 2 exhibit a tilt as the time increases. The reason is that the fil-

aments are rotating. From the tilt, a rotation speed can be calculated and compared with the

plasma poloidal velocity. In the present simulations both quantities coincide. Furthermore, the

TE technique allows to estimate the radial width of filaments.

Similarly, the same study can be done for the W7-X device. The W7-X has one property in

common with the TJ-II: both machines are stellarators with low magnetic shear.

The resistive MHD model is as well used for the W7-X configuration. For an application

of the model in the W7-X see Ref. [4]. Again, simulations are run in a steady state and the

perturbation of the electrostatic potential is measured.

Figure 3: Transfer entropy from one reference

point to a set of measuring points distributed

poloidaly at the opposite side.

As in Fig. 1, the spatial points where the

Φp is close to the maximum are forming a fil-

amentary structure.

Then, as in the TJ-II case, we measure the

Φp using the same set of measuring points.

In this example,Φp is measured at r/a = 0.5

which is approximately the radial position of

the rational surface n = 4/m = 5. Figure 3 is

showing the TE applied from the reference

point to the set of points poloidaly distributed.

We observe again periodic high TE areas at

the same time lag. The periodicity is, as be-
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fore, twice the poloidal mode m = 5. In this example the slope of the tilt is negative indicating

a rotation of the filament in the opposite direction.

Figure 4: Left panel: TE for radial heat trans-

port. Right panel: Detection of a filament using

the TE.

In a recent work [1], heat transport was

studied in the TJ-II using the Transfer En-

tropy. Radial heat transport was observed to

be not continuous or smooth. At some ra-

dial regions the TE exhibited stagnation areas

where heat perturbations seem to be trapped.

As heat transport seems to be slowed down on

these areas, we suggest the presence of (mini)

transport barriers close to them. In the cited

work these barriers were connected to the ra-

tional surfaces and to the shear flow generated

by the turbulence.

As the filaments we are studying are turbulent vortices, there should be a connection be-

tween the transport barriers and filaments. Figure 4 is showing on the left panel the TE of heat

transport. The figure shows radial transport from a reference point (white arrow) but around

r/a ≈ 0.38 a horizontal high TE area indicates a stagnation zone. On the right panel, using two

distant measuring points and the TE technique we can identify the presence of a filament in

r/a ≈ 0.38. Therefore we identify the existence of a filament close to the heat trapping area.

That is observed as well in other radial locations. Hence, filaments, which are turbulent vortices,

must be connected to the transport barriers.

Summarizing, the Transfer Entropy is capable to detect the presence of filamentary structures

using two (or more) probes in the plasma. The method was applied experimentally in TJ-II and

in an MHD model for interpretation. It has been also applied to the W7-X configuration for

future references. Finally, the presence of filaments in the heat transport trapping regions (close

to transport barriers) suggests a connection between them.
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