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Abstract. This work intends to show that the multifractal concept of intermittence

can be fruitfully applied to the identification of the radial location of low order rational

surfaces inside a magnetically confined plasma. To do so, we make use of Langmuir

probe data from a set of experiments in which the rotational transform was scanned

dynamically in the TJ-II stellarator. It is shown that up to five rational surfaces

can be identified from the data, which is a first in plasma physics, to the best of our

knowledge. The effect of the radial electric field on intermittence was also studied using

a specific subset of experiments in which the electron density was raised on a shot by

shot basis. The observations are contrasted with results from numerical calculations

using a resistive Magneto-HydroDynamic model to facilitate interpretation.
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1. Introduction

Turbulence of different types is known to contribute significantly to radial transport in

magnetically confined plasmas [1]. The radial transport (of particles, heat, and other

quantities) is only partly understood in fusion-grade plasmas, which can be described as

strongly driven complex systems, far from thermodynamic equilibrium. Thus, improving

our understanding of turbulence and finding methods to control it are important and

urgent goals on the road to achieving viable fusion energy.

One aspect of turbulence is intermittence. In the present work we make use of

the multifractal quantifier of intermittence [2], based on the analysis of the temporal

variations of the signal fluctuation amplitude. The goal of this paper is to show

that the latter provides interesting and non-trivial information about the nature of

fluctuations, the impact of zonal flows and, in some cases, the location of low order

rational surfaces of a plasma in a magnetic confinement device. Establishing the

precise location of rational surfaces is an important issue in fusion plasma research,

as it provides an indirect measurement of (the modification of) the safety factor (q) or

rotational transform (ῑ = ι/2π = 1/q) profile that reflects the magnetic configuration,

both imposed externally by the machine operators and modified internally by currents

that may flow inside the plasma itself.

The first application of multifractal intermittence to fluctuation measurements in

plasmas was reported in [3]. More recently, we explored its use as a means of detecting

rational surfaces in a study based on a resistive Magneto-HydroDynamics (MHD) model

for turbulence in stellarators. Subsequently, we applied the technique to temperature

fluctuation measurements performed at W7-X [4]. It was shown that the intermittence

tends to exhibit minima at the location of low order rational surfaces, both in the

model and in the experiment. Although the temperature diagnostic at W7-X offered an

acceptable radial resolution, we found it was desirable to achieve still better resolution

in order to determine the location of the minima with higher precision.

Therefore, in the present work we turn to a set of unique experiments performed

some years ago in the TJ-II stellarator [5]. In these experiments, the edge value of the

rotational transform profile (and hence the full profile) was scanned dynamically. This

extraordinary capacity is a characteristic feature of this ‘flexible Heliac’ device [6]. The

scans were performed in the course of a time interval of 150 ms during a discharge,

while internal plasma currents were kept small. Using Langmuir probes placed at

a fixed position in the plasma edge region, we could thus detect the impact of the

varying rotational transform on the intermittence parameter calculated from potential

fluctuations, by causing low-order rational surfaces to move across the probe position.

By analyzing the intermittence in time subwindows of 10 ms, the corresponding effective

radial resolution achieved in the present work was about 3 mm, this certainly not being

the lower limit of the possibilities offered by this technique.

One set of experiments involved 4 rotational transform scans with about 10

discharges for each scan, in which plasma conditions were kept as constant as possible.
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The repeated discharges in each scan allowed verifying reproducibility and accumulating

statistics to obtain rather accurate values of the intermittence parameter as a function

of local rotational transform. When these results were compared to the intermittence

produced by the resistive MHD model in similar conditions, very good agreement was

obtained. Thus, the locations of 5 low order rational surfaces inside the plasma could

be identified.

In a second set of experiments, involving 22 discharges, the rotational transform

scan was repeated while the plasma conditions were varied. Over the set of discharges,

the line averaged electron density was raised gradually, although it was kept as

constant as possible in each individual discharge. As the density was raised, we found

that the intermittence at the rational surfaces decreased, while it increased at other

locations. A possible explanation is the increased instability drive (due to increased

gradients), which would tend to emphasize monofractal properties at the rational

surfaces, while simultaneously increasing the generation of zonal flows and the associated

mixing (leading to multifractality) away from the rational surfaces. The reduction of

intermittence at rational surfaces led to the detection of a new low order rational that

had not been identified in the first set of experiments, performed at low density.

In this second set of experiments, the radial electric field was decreasing as the

density was raised. Eventually, the plasma performed a confinement transition from

electron to ion root. Thus, the two parameters (electric field and density) varied

simultaneously, making it hard to disentangle the influence of each quantity on the

intermittence parameter. However, the second set of discharges contained a subset of 6

discharges with similar density yet different electric field. By analyzing these discharges

separately, we find that an increase of the radial electric field decreases the intermittence

at specific rational surfaces. Again, the response of the intermittence to an added electric

field is fully consistent with the results of numerical calculations using the resistive MHD

model.

Based on this exceptionally clear evidence, we conclude that the intermittence

parameter can be used as a diagnostic for identifying the location of some low order

rational surfaces under favorable conditions. However, a strong net poloidal rotation

may lead to an increase of the measured intermittence, potentially reducing or even

obliterating the minima. One may compare this to the effect poloidal rotation has on

the experimental determination of auto-correlation [7].

This article is organized as follows: Section 2 discusses the methods we have used

for data analysis and the numerical model for turbulence simulation. Section 3 presents

the results for the rotational transform scan experiments and their interpretation based

on the numerical model. In Section 4 we discuss the results and draw some conclusions.
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2. Methods

The experiments discussed here have been performed in TJ-II, a flexible Heliac with

toroidal magnetic field BT ' 1 T, major radius R0 = 1.5 m and minor radius a < 0.22

m [8]. Plasmas can be heated using two Electron Cyclotron Resonance Heating (ECRH)

beam lines delivering up to 300 kW each at a frequency of 53.2 GHz (X mode) and two

Neutral Beam Injector (NBI) systems (co and counter) with up to 2 × 700 kW port-

through power.

In this section, we briefly describe the tools we used in this study. Section 2.1

describes the probe systems we used. Section 2.2 describes the resistive MHD model

used to perform the turbulence calculations. Section 2.3 describes the calculation of the

intermittence parameter (C(1)).

2.1. Probe systems

TJ-II is fitted with a set of probe systems. There are two reciprocating probe drives,

located at toroidal angles φ = 38.2◦ (the D probe, entering the plasma from above) and

at φ = 195◦ (the B probe, entering the plasma from below). Each drive can be fitted

with different probe heads. In the experiments discussed here, the D probe was fitted

with a two-dimensional probe head (with 4× 5 pins laid out in a poloidal-radial grid),

while the B probe was fitted with a rake probe head (with 12 pins laid out in a radial

array). For more details, please refer to [9].

In view of the following, we remark on the issue of the precision of the probe

position and the magnetic configuration. The location of the probe has been carefully

calibrated with respect to the vacuum vessel of TJ-II, yielding a precision of 1–2 mm.

The precision of the construction of the coil system leads to a certain precision of

the magnetic configuration, leading to errors of up to around 6 mm [10]. Finally, the

presence of finite currents inside the plasma may move the rational surfaces of the

magnetic configuration slightly [11]. In the present experiments, the currents were kept

small (|Ip| < 0.5 kA) and the region of interest is near the plasma edge, where current-

induced displacements of the rational surfaces are smallest. Overall, the displacement of

the nominal probe position with respect to the calculated (vacuum) magnetic surfaces

may amount up to about 1 cm.

2.2. Resistive MHD model

The model used for the present calculations is a MHD turbulence model which has

been used in the past to interpret some experimental results from the TJ-II [12, 13] and

W7-X [14] stellarators. It is based on the reduced MHD equations [15]. In the case of

stellarators the dominant instability is the resistive pressure gradient driven instability.

The magnetic geometry is that of a periodic cylinder, with minor radius a and length

L = 2πR0. We use a coordinate system (r, θ, ζ), in which r is the radius of the cylindrical

surface, θ is the poloidal angle, and ζ = z/R0, where z is the coordinate along the axis of
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the cylinder, so ζ is an effective toroidal angle when the cylinder is bent in a torus. The

magnetic field line curvature κ includes the averaged effect of the toroidal and helical

components of the magnetic field and is given by

κ ≡ r

R0

B2
0V
′′.

Here, the prime denotes the derivative with respect to toroidal flux, and V ′ =∫
dl/B is the specific volume enclosed by a flux surface.

The four equations of the model are summarized here in their dimensionless form,

∂ψ̃

∂t
= ∇‖Φ− Sω̄∗e

(
Teq
neq

∇‖n+∇‖Te
)

+ ηJ̃‖, (1)

∂Ũ

∂t
= − v⊥ · ∇U + S2∇‖J‖ − S2 β0

2ε2
κ

(
Teq
neq

1

r

∂ñ

∂θ
+

1

r

∂T̃e
∂θ

)
+ µ∇2

⊥Ũ , (2)

∂ñ

∂t
= − v⊥ · ∇n+

S

ω̄ci

∇‖J‖ +D⊥∇2
⊥ñ, (3)

∂T̃e
∂t

= − v⊥ · ∇Te +
S

ω̄ci

Teq
neq

∇‖J‖ + χ⊥∇2
⊥T̃e +∇‖

(
χ‖∇‖Te

)
. (4)

The first equation describes the evolution of the poloidal magnetic flux ψ, is derived

from Faraday’s and Ohm’s laws. The second one is the momentum balance equation

where U is the z component of the vorticity. The other two equations give the evolution

of density n and electron temperature Te. All quantities appearing in equations (1)-(4)

are decomposed in an equilibrium component feq and a fluctuating component f̃ , so

f = feq + f̃ .

A detailed description of the parameters and their values for the present numerical

results can be found in Ref. [13]. Here, we use the results of the calculations for the

TJ-II magnetic configuration labelled 100 44.

2.3. Intermittence

In this article, we use the methods for calculating the intermittence of temporal signals

described in Refs. [16, 17, 3], which we summarize here for convenience. Given a time

series X = {xi, i = 1, . . . , N} that has been sampled at a constant sampling rate, we

calculate the measure

ε(1, i) =
(xi − 〈xi〉)2

〈(xi − 〈xi〉)2〉
, i = 1, . . . , N, (5)

where 〈xi〉 = (
∑N

i=1 xi)/N . This measure can be averaged over subblocks of data of

length n < N , as follows:

ε(n, i) =
1

n

n−1∑
j=0

ε(1, i+ j). (6)

We then calculate the q-moments, 〈ε(n, i)q〉. In a given range of n-values, these moments

are expected to scale like [18]:

〈ε(n, i)q〉 ∝ n−K(q), (7)
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where K(1) ≡ 0. If the time series X is monofractal, the function K(q) is asymptotically

linear in q, otherwise the series is multifractal. The parameter C(q) is defined as [18]:

C(q) =
K(q)

q− 1
. (8)

Of special interest is the so-called “intermittence parameter” C(1), which must be

calculated as

C(1) =
dK(q)

dq

∣∣∣∣
q=1

(9)

due to the singularity of Eq. 8 at q = 1. Its value ranges from 0, for a monofractal time

series, to 1.

In the field of fusion, intermittence has mostly been studied on the basis of a

different though related quantifier: the so-called ‘flatness factor’, equal to F = K − 3,

where K is the kurtosis of the probability distribution function of the time series

X [19, 20]. However, the ‘flatness factor’ is a time-averaged quantity and only an

approximate indicator of intermittence [21], which is a concept that fundamentally

refers to temporal variations, and is therefore better captured by the parameter C(1)

introduced above.

2.4. Interpretation of the intermittence parameter

The interpretation of the intermittence parameter C(1) used here is mainly based on a

recent study [4].

Turbulence in a magnetically confined fusion plasma includes helical modes that

may be resonant on specific rational surfaces. The eigenfunction Φ of such a resonant

helical mode may be either odd or even in radius r with respect to the resonant surface

at r = rs. Even modes will have the largest amplitude at r = rs, while odd modes will

peak slightly off the resonant surface. Where a single helical mode is dominant, and

plasma flows are unimportant, the resulting fluctuations are essentially monofractal,

hence C(1) approximates zero.

The turbulence may drive zonal flows, preferentially occurring near, but not at, the

mentioned resonant surfaces. This poloidal flow mixes the local temporal fluctuations of

the helical mode with its poloidal structure, leading to fluctuations with a multifractal

character. A radial electric field will have a similar effect, as it will induce poloidal

rotation.

Another cause for loss of monofractality may be the density of resonant helical

modes: if this density is high (i.e., the resonant surfaces are close together due to, e.g.,

high magnetic shear), the corresponding modes may overlap, also inducing multifractal

behavior. This happens normally close to the plasma edge where the magnetic shear

tends to be large so that rational surfaces are close together. Correspondingly, in

the plasma edge region the structure of turbulence is typically multifractal [4]. This

situation also suggests that it may be easier to detect radial minima of C(1) in low-
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shear stellarators, where the resonant helical surfaces tend to be spaced farther apart

than in, e.g., tokamaks.

So, in summary, fluctuations will tend to be monofractal only near low-order

rational surfaces, where a single helicity is dominant, in the absence of poloidal flows

and interference from other nearby resonances. Therefore, under specific conditions,

minima of C(1) can be used to localize some important low-order rational surfaces.
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3. Rotational transform scan experiments

We performed a series of dynamic configuration scans in low density ECR heated

plasmas (nominal power: 2× 250 kW) by varying the rotational transform at the edge,

ῑ(1) = ι(1)/2π, slowly and linearly in time (by modulating the external coil currents),

while using plasma current control to keep currents inside the plasma small (|Ip| < 0.5

kA). Due to the low current and low plasma pressure (β < 0.1%), Shafranov shifts of

the flux surfaces are insignificant [22]. Thus, the magnetic configuration is very tightly

controlled, particularly in the external part of the plasma, ρ = r/a > 0.8, where the

influence of plasma currents on the magnetic configuration is weak [5]. Table 1 shows

the 5 scans that were performed, while Fig. 1 shows the corresponding ῑ profiles. The

shape of the ῑ profiles is very similar except for an offset.

The first 4 scans were made at low line average electron density (ne < 0.6 · 1019

m−3), so that the plasma is in the Neoclassical electron root, in which the radial electric

fiel Er is predominantly positive throughout the plasma [23]. The fifth scan consists

of a number of discharges in which ne was gradually raised from about 0.4 to about

0.75 · 1019 m−3, crossing the critical density at around 0.6 · 1019 m−3 and passing from

electron to ion root. This change in confinement state is characterized by a change of

sign of the radial electric field, Er, specifically in the edge region of the plasma.

Table 1. Main characteristics of the configuration scans discussed here. The linear

scans occur between t = 1100 ms and t = 1250 ms.

Scan Start End Start End Nr.

number configuration configuration ι(1)/2π ι(1)/2π discharges

1 100 46 65 101 42 64 1.672 1.630 10

2 101 42 64 100 46 65 1.630 1.672 5

3 101 42 64 101 38 62 1.630 1.593 10

4 101 38 62 101 42 64 1.593 1.630 10

5 101 38 62 101 42 64 1.593 1.630 21

The interpretation of the experimental results is facilitated by comparing them with

calculations made using a resistive MHD turbulence model that has provided useful

insights in the past (see Section 2). The model performs turbulence simulations in a

simplified cylindrical geometry, but with profiles of density, temperature, and rotational

transform similar to the experimental situation. Once the numerical calculation reached

steady state, we then extracted temporal data of the fluctuating plasma potential at

specific spatial points, which can be thought of as ‘synthetic Langmuir probes’.

Performing a rotational transform scan similar to that of the experiment is very

expensive, as in that case a new turbulence simulation run must be performed for each

choice of rotational transform. So, instead, we took a single numerical calculation and

moved the synthetic probes radially though the plasma. One should bear in mind that
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Figure 1. The rotational transform, ι/2π, for various relevant configurations (labelled

by the first two numbers of the configuration labels of Table 1). Some rational values

of ι/2π are indicated by means of horizontal dashed lines. The 5 scans are indicated

symbolically with black arrows.

this implies that the gradients of the density and temperature profiles are not constant at

the probe locations, but vary according to the radial positions of the synthetic probes,

which is an important difference with the experimental situation. Correspondingly,

this approach prevents us from precisely reproducing the experimental values of the

intermittence parameter, but helps us understand the observed radial structure of

maxima and minima.



Low order rationals and intermittence in TJ-II 10

0

0.05

0.1

0.15

0.2

0.25

5

10
15

20
25

30

35
40

0 0.2 0.4 0.6 0.8 1

C(1) n

ρ

14
/9

11
/7 8/
5

13
/8

27
/1
7

36
/2
3

25
/1
6

Figure 2. Intermittence parameter, C(1), calculated from turbulence simulation using

the resistive MHD model. Some low order rationals are indicated (the n value of the

rationals n/m is indicated with blue squares, corresponding to the right axis).

3.1. Intermittence in electron root plasmas

We performed a numerical calculation using the resistive MHD model in configuration

100 44 64 (halfway between the endpoints of the scans of Table 1). We ran the

simulation until steady state was obtained and then continued until we obtained

sufficient data in the steady state phase to apply the multifractal analysis to the

various fluctuating quantities. Fig. 2 shows the intermittence parameter for the potential

fluctuations, C(1), as a function of radius. The intermittence parameter shows minima at

various low order rational surfaces, consistent with results obtained in previous work [4]

for electron temperature fluctuations. This simulation result provides a guide for the

analysis of experimental results in the following.

From the floating potential measured with one of the probes (probe D) in TJ-II, we

compute the intermittence parameter C(1) (cf. Section 2). In the following, we assume

that the effect of electron temperature fluctuations is small, so that the results for the

experimental floating potential may be compared to the results for the plasma potential

from the simulation. Fig. 3 shows the value of C(1) versus ῑ at the nominal position of

the probe, ρ. To estimate ῑ at the nominal position of probe D, we use the expression

ῑ(ρ) = 0.165 + 0.879ῑ(1), deduced from Fig. 2 of [5].

From previous work [4], we expect that the main low-order rational produces a clear

minimum in the intermittence parameter C(1). Considering that the uncertainty in the
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Figure 3. Intermittence parameter, C(1), calculated from a Langmuir probe signal in

the experiments. The abscissa shows the estimated rotational transform at the nominal

probe positions (uncorrected, see text).

probe position (≤ 1 cm) corresponds to an error in ῑ of up to about 0.01 at the probe

location, it seems likely that the minimum observed to occur at ῑ ' 1.592 corresponds,

in fact, to ῑ = 1.6, implying that the nominal ῑ should be corrected by adding 0.008.

After applying this correction, we compare the experimental result for the

intermittence parameter to the result obtained from the model, as shown in Fig. 4.

This figure also indicates the location of a few important low order rational surfaces.

Although the ordinates corresponding to the two curves are different, nevertheless the

agreement of the general behavior is rather striking. The experimental and model curves

for C(1) do not only match regarding the main minimum at ῑ = 1.6, but also with respect

to the general trend (between ῑ = 11/7 and 13/8) and the secondary minimum near

ῑ = 21/13. The drop of the C(1) curve of the model for ῑ > 1.63 is a boundary effect

of the simulation. The difference in amplitude of the two curves can be explained from

the fact that the numerical calculation does not model the full process of the changing

external currents (i.e., the magnetic configuration), nor the fact that the experimental

electron density is roughly constant at the fixed measurement points. In the numerical

calculation, the whole plasma is kept in a fixed state, with radially varying electron

density. Furthermore, the experimental data may of course be affected by noise and

other instrumental effects.



Low order rationals and intermittence in TJ-II 12

1.55 1.6 1.65

( )/2

0.02

0.025

0.03

0.035

0.04

0.045

0.05

0.055

C
(1

) 
(e

x
p

er
im

en
t)

0

0.05

0.1

0.15

0.2

0.25

C
(1

) 
(m

o
d

el
)

8
/5

1
1
/7

1
3
/8

1
8
/1

1

1
9
/1

2

2
1
/1

3

2
7
/1

7

Figure 4. Intermittence parameter, C(1), calculated from a Langmuir probe signal

in the electron root rotational transform scan scan experiments, compared to the

modeling result. The experimental data are identical to those of scans 2 and 4 shown

in Fig. 3), but their rotational transform values have been corrected by the ad-hoc

shift of +0.008, as motivated in the text.



Low order rationals and intermittence in TJ-II 13

3.2. Intermittence and change of root

We also applied the analyses of the preceding sections to the fifth scan of Table 1. This

scan is similar to scan 4, except that the line averaged electron density, ne, was slowly

raised on a shot by shot basis, while kept approximately constant in each discharge.

Fig. 5 shows the variation of the line averaged density ne and the radial electric field,

Er, in this series of shots. Here, Er was estimated as the negative radial gradient of the

floating potential at the probe, −∇rφf . The error bars indicate the standard deviation

of the corresponding quantity, calculated from the variation in the relevant time window

(1100 ≤ t ≤ 1250 ms). These graphs highlight the systematic density variation that

was achieved in this series of shots, and the resulting gradual change in the mean radial

electric field. Below and above the critical density at ne ' 6.5 · 1019 m−3, the density

was kept rather constant in time, leading to small values of the standard deviation, but

near the critical density, spontaneous density variations were produced as a consequence

of the fact that the plasma was close to the confinement transition (electron–ion root),

leading to larger values of the standard deviation.

Fig. 6 shows the variation of the intermittence parameter and the radial electric field

with line average density. Here, the correction of ῑ discussed above has been applied, so

that the values of ῑ shown correspond, to good approximation, to the local values of ῑ

at the measurement location.

As the density increases, so does the density gradient and the turbulence drive.

Nevertheless, the turbulence does not necessarily increase everywhere, as the turbulence

may locally produce zonal flows that break up the turbulent eddies [24].

We observe that the intermittence parameter gradually develops two clear local

minima as the density rises. The first minimum appears close to the location of the

most important low order rational surface in this range, ῑ = 8/5. It is already present

when ne ' 0.45 · 1019 m−3 and deepens as the density is raised. The second minimum,

near the low order rational surface of ῑ = 27/17, is absent at low density but becomes

visible gradually for ne & 0.65 · 1019 m−3. We note also that this second minimum at

27/17 is apparent as a small dip in the theoretical curve shown in Fig. 4.
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Figure 5. Mean line averaged electron density, ne and radial electric field, Er, and

their standard deviations, for the discharges of scan 5 (cf. Table 1), as a function of

shot number. In each discharge, the rotational transform is scanned as described in

the text. The red dashed lines merely serve to guide the eye.
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Figure 6. Profiles of (top) the intermittence parameter, C(1), and (bottom) the

radial electric field, Er, as a function of ne (indicated in the legends, in units of 1019

m−3. Vertical dashed lines indicate the location of the 8/5 and 27/17 rational surfaces.

Error bars indicate the experimental standard deviation in the corresponding density

range (bins of width 0.1 · 1019 m−3, centered around the density values indicated in

the legends).
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3.3. Effect of Er at constant density

Referring to Fig. 5, one observes that the last few discharges of the density scan

have nearly constant density, whereas the radial electric field, Er, continues to vary.

This offers the opportunity to study the effect of Er on the intermittence parameter

at constant ne. It should be noted that the error bars shown indicate the standard

deviation of these quantities over the rotational transform scan (1100 ≤ t ≤ 1250), not

the measurement error, which is much lower.

In Fig. 7, we compare the profiles of Er and C(1) between shots 34100 and 34107,

having a similar value of ne, but a rather different value of Er. At low Er (red dashed

curves), a minimum can only be seen near the rational surface 8/5, and as Er is increased

(black continuous curves), the minimum at 8/5 deepens, while a new minimum near

27/17 appears. From these figures, we deduce that an increase of Er leads to a decrease

of C(1) around the corresponding low order rational surfaces, but not elsewhere.

To study the effect of Er in the simulation, the steady state turbulence calculations

that underlie the results for the intermittence parameter shown in Fig. 2 were continued

for an additional period of time in which a positive radial electric field was added. We

then calculated the intermittence parameter for the potential fluctuations during this

additional period. The effect of the radial electric field can be seen in Fig. 8 which shows

the ratio of the curves of C(1) with and without applied Er. The figure shows that the

application of positive poloidal E × B rotation reduces the intermittence parameter at

the low order rational surfaces 8/5 and 25/13, making the minima deeper, so that the

system becomes more monofractal at these positions. This can be explained from the

fact that the intrinsic poloidal flow generated by the turbulence in the region of these

resonances is negative, so that the added positive flow reduces the net poloidal rotation.

Contrariwise, the preexisting intrinsic flow at the rational surface 13/8 is positive, so

that adding a positive E × B rotation increases the flow at this location, resulting in

the observed increase of C(1). Thus, an imposed external flow may either reduce or

increase the value of C(1) near rational surfaces. These issues will be studied in more

detail in future work.
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Figure 7. Profiles of (top) the radial electric field, Er and (middle) the intermittence

parameter, C(1), for two selected discharges with a similar value of ne. Bottom: the

ratio of the two curves of C(1) shown, highlighting the change of intermittence due to

a change in Er only.
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4. Discussion and conclusions

This paper addresses the use of the multifractal intermittence parameter [2] to obtain

relevant information about turbulence and flows in the core plasma of magnetic

confinement devices. The interpretation of this parameter is based on previous work [4]

and summarized here in Section 2.4.

In this framework, we reanalyze a set of experiments involving careful dynamical

scans of the rotational transform, ῑ, performed some years ago in the TJ-II stellarator [5].

The dynamical scans were performed in a narrow range of ῑ (cf. Fig. 1) over a time

interval of 150 ms, while perturbative plasma currents were minimized to the best of

our ability.

Using a fixed Langmuir probe in the edge region of the plasma (at ρ ' 0.85), we

measured the floating potential and studied the evolution of the intermittence parameter

C(1) versus time, in subwindows of 10 ms, which could be transformed, with a minimum

number of assumptions, to its evolution versus the local ῑ.

In a first set of experiments (Section 3.1), performed at low electron density in

‘electron root’ conditions, we observed variations of C(1) with ῑ, revealing minima at the

locations of important low order rational surfaces. When these results were compared

to the intermittence produced by the resistive MHD turbulence calculation in similar

conditions, very good agreement was obtained. The locations of 5 low order rational

surfaces could be identified inside the plasma, an unparalleled feat in plasma physics,

to the best of our knowledge.

In a second set of experiments (Section 3.2), we studied the variation of C(1) as

the line average density was raised on a shot by shot basis. In doing so, the TJ-II

plasma performed a gradual confinement transition from ‘electron’ to ‘ion root’ and the

radial electric field Er changed sign from predominantly positive to slightly negative

(cf. Fig. 5). As the density was raised, we found that the intermittence at the rational

surfaces decreased, while it increased at other locations. A possible explanation is

the increased drive (increased gradients) for instabilities, which would emphasize the

monofractal properties at the rational surfaces, while increasing the generation of zonal

flows and the associated mixing (leading to multifractality) away from the rational

surfaces (noting that the effect low order rational surfaces have on the local radial

electric field has been reported in previous work [25]). The reduction of intermittence

at rational surfaces led to the detection of a new low order rational (27/17) that had

not been identified in the first set of experiments, performed at low density.

A subset of discharges from the second set of experiments (Section 3.3), at nearly

constant line averaged electron density, ne, allowed determining the specific effect of the

radial electric field, Er on the intermittence parameter. We found that an increased

radial electric field decreases the intermittence at the considered rational surfaces.

Again, the response of the intermittence to an added electric field is fully consistent

with the results of numerical calculations using the resistive MHD model.

From the theoretical arguments given in Section 2.4 and the experimental results,
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we conclude that the intermittence parameter is a powerful tool to detect the location

of low order rational surfaces. When the turbulence drive is increased, the intermittence

at a given rational surface may decrease (as increased turbulence would enhance

monofractality at such locations). This is exemplified by the results shown in Section 3.2,

where a new minimum corresponding to the rational 27/17 appeared when the driving

gradient was raised. On the other hand, away from the low order rationals, the increased

drive can lead to an enhancement of intermittence, presumably due to an increase in

the generation of zonal flows and the associated mixing (leading to multifractality).

We emphasize that the minima of the intermittence parameter detected in the

present work occur in a logical succession. The experimental range studied is 1.57 ≤
ῑ ≤ 1.64. The rational values n/m occurring in this range can be ordered according

to increasing value of n + m, leading to the following series (restricted to n ≤ 27 and

listing only simplified fractions):{
8

5
,
11

7
,
13

8
,
18

11
,
19

12
,
21

13
,
27

17

}
(10)

Here, we have marked the rationals that appeared as minima in our intermittence

graphs in bold typeface. It is interesting to note that the lowest order rationals in

the experimental range are detected systematically.

The results shown here are consistent with those of our previous work [4], which

includes experimental results for the W7-X stellarator, in which a minimum of the

intermittence parameter was observed to track the location of low order rationals as the

rotational transform profile was scanned on a shot by shot basis.

As a side remark, we note that the present technique could be used at TJ-II to

perform an absolute calibration of the Langmuir probe positions with respect to the

magnetic geometry.

In summary, we propose that the intermittence parameter constitutes a unique new

tool to detect low-order rational surfaces in fusion plasmas. Their correct identification

may be an important step forward in our understanding of the impact of rational

surfaces on confinement in fusion devices. The fact that TJ-II and W7-X are low

shear stellarators may facilitate the application of this tool, although this is as yet

unclear. Perhaps the technique can be fruitfully applied at other devices, such as

tokamaks. Regardless, the study of intermittence may be helpful for the understanding

of turbulence in general.
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