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Abstract. In this work, we analyze data obtained using the Electron Cyclotron
Emission radiometer at the Wendelstein 7-X stellarator using a relatively new
technique: the Transfer Entropy. Thus, we detect the propagation of information
and find that it occurs in a stepwise fashion: we observe both ‘trapping zones’ and
radial ‘jumps’, when the information is apparently skipping over intermediate positions.
Using scans of the rotational transform, we observe that the ‘trapping zones’ appear to
be associated with rational surfaces. Power scan experiments show that these ‘jumps’
increase in importance when power is increased, thus enhancing the effective diffusivity.
The observations are interpreted in terms of a resistive Magneto-HydroDynamic model,
which displays behavior similar to the experimental results. The ‘trapping zones’ are
explained in terms of zonal flows associated with rational surfaces, while the ‘jumps’
are ascribed to mode coupling effects, i.e., the transmission of turbulent energy via the
magnetic field.

PACS numbers: 52.25.Fi,52.25.0s,52.35.Ra,52.55.Hc
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1. Introduction

The understanding and control of heat transport in fusion plasmas is vital to the
development of efficient future fusion-based power plants, as a reduction of heat
transport may evidently lead to more compact and cost-efficient reactors.

The propagation of small perturbations is a proven technique to probe transport
in many physical systems. It has been known for a long time that spontaneous electron
temperature fluctuations arise in Electron Cyclotron Resonance Heated (ECRH)
plasmas [I], even though their origin has only partly been clarified [2]. Recent work
performed in the TJ-II stellarator showed that a new analysis technique (based on the
Transfer Entropy) makes it feasible to exploit these small temperature fluctuations to
effectively probe heat transport [3].

In this work, we apply the same technique to Electron Cyclotron Emission (ECE)
data obtained in the W7-X stellarator during its initial experimental campaign. W7-
X has a larger minor radius (0.5 m vs. 0.2 m) and more ECE channels (32 vs. 12),
thus offering better resolution than TJ-II for these studies. Qualitatively, the results
obtained here mirror the results obtained for TJ-II to a large extent, suggesting that
heat transport may be governed by the same principles in a small (non-optimized) device
such as TJ-II and a large (optimized) device such as W7-X, even though global transport
levels are very different. Both devices are low-shear stellarators, offering a low density of
low-order rational surfaces which facilitates the study of the impact of such surfaces on
transport. With its significantly larger minor radius and its enhanced ECE diagnostic,
W7-X offers an ideal platform for these studies.

We make use of a resistive Magneto-HydroDynamic model to aid the interpretation
and provide support for some of the experimental observations on W7-X reported here.

We find that heat transport is not a continuous process but occurs stepwise. In the
vicinity of major rational surfaces, ‘trapping zones’ tend to form where radial transport
is slowed down (mini-transport barriers). On the other hand, transport is also observed
to occur rapidly, sometimes apparently ‘jumping over’ intermediate positions. Based on
modelling results, we associate the ‘trapping zones’ with local flow shear maxima, while
we ascribe the rapid radial transport (reminiscent of avalanches [4]) to mode coupling
effects.

This paper is organized as follows. Section [2| describes the experimental setup and
analysis techniques used. Section |3 reports the experimental results. Section [4] presents
a model used to facilitate the interpretation of the experimental results. Finally, Section
puts the results into context and discusses their significance and implications.
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Figure 1. Profiles of the rotational transform, + = ¢/27, as a function of normalized
radius, p = r/a, for the set of magnetic configurations studied here. The lowest
profile (index 1) corresponds to the ‘standard OP1.1’ configuration. Major rational
values are indicated by horizontal dashed lines.

2. Experimental setup and analysis techniques

Wendelstein 7-X is a helical advanced stellarator (HELIAS) with major radius R = 5.5
m, minor radius a ~ 0.5 m, 5 field periods, and a toroidal magnetic field of up to ~ 3 T.
The design of the device was based, among others, on the optimization of Neoclassical
particle transport and MHD stability [5] 6].

This work focuses on a set of discharges from the first operational phase of W7-X [7].
These discharges are characterized by low electron density (7 ~ (1 —2)- 10 m~3) and
are heated by Electron Cyclotron Resonance Heating (ECRH, Pgcruy = (0.6 — 2) MW),
resulting in so-called Core Electron Root Confinement (CERC) plasmas [g].

2.1. Magnetic configurations

Among others, we will analyze data from a set of discharges corresponding to a ¢+ = ¢/27
scan. The relevant ¢ profiles are shown in Fig. [Ij The vacuum magnetic configurations
are identified by an index number, such that the six iota profiles shown correspond to
index values (bottom to top): 1, 3, 5,9, 11, 13.
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Figure 2. Typical profiles for the discharges used here, at low ECR heating power
(0.6 MW). Figure reproduced from [I1I] with permission.

These discharges have relatively low pressure and a small amount of bootstrap
current [9], which imply a shift of the flux surfaces and a slight modification of the iota
profile. According to neoclassical estimates [10], in the radial range of interest here
(0.4 < p < 0.8), the shift induced by the bootstrap current is limited to |Ap| < 0.06,
while Ap = 0 at p ~ 0.6. As the features we will be discussing below have a similar
radial extent, the indicated vacuum locations of rational surfaces, without bootstrap
contribution, may be considered sufficiently accurate within the available resolution. A
correction for the shift of the flux surfaces is discussed below.

2.2. Heating

Plasmas are heated using Electron Cyclotron Resonance Heating with up to about 4
MW total power, deposited on axis [I1]. Typical profiles with central power deposition
are shown in Fig.

2.3. FElectron Cyclotron Emission diagnostic

We mainly use data from the W7-X ECE diagnostic [12] 13]. It disposes of 32 channels,
covering large part of the minor plasma radius. Analysis results will be shown as a
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function of the normalized radius p = r/a, such that negative values of p correspond to
the low field side of the plasma, and positive values to the high field side.

We will analyze the radial propagation of spontaneous temperature fluctuations
arising in the core plasma, as well as heat waves produced by ECRH modulation.

2.4. Temperature perturbations

In ECR heated discharges, spontaneous temperature perturbations appear [I] (see
Section . Regarding the origin of these fluctuations, we note the following. (a) The
ECRH power source itself may fluctuate in time. (b) Spontaneous density fluctuations
in the plasma (associated with turbulence or filaments [14]) may lead to fluctuations
in power absorption and hence temperature perturbations. In Section [3.1], it is shown
that temperature perturbations are correlated along a flux surface, implying very long
correlation lengths along field lines [I5], reinforcing the filamentary hypothesis and
consistent with Ref. [2]. It has been speculated that the density fluctuations may be
due to resistive interchange modes, possibly driven by fast electrons [16].

2.5. The Transfer Entropy

To analyze the propagation of temperature fluctuations, traditional heat pulse analysis
techniques (correlation, conditional averaging [I7]) do not offer sufficient clarity: the
correlation tends to smear out the information over the typical duration of the heat
pulses, while the conditional averaging technique tends to offer poor statistics due to
the necessity to clearly identify individual (relatively large) events.

For this reason, we turn to a technique from the field of Information Theory [1§]
that was recently applied for the first time in the context of fusion plasmas [19]: the
Transfer Entropy. This nonlinear technique measures the ‘information transfer’ between
two signals, is directional, and uses all the information available in the two signals,
regardless of amplitude or sign.

The Transfer Entropy is a measure of the causal relation or information flow between
two time series. In this work, we use a simplified version of the Transfer Entropy:

p($n+1|mn—k‘a yn—k) (1)
P(Tni1|Tnr)

Here, p(a|b) is the probability distribution of a conditional on b, p(a|b) = p(a,b)/p(b).

Tyox =Y p(Tns1, Took, Yn—k) log,

The probability distributions p(a,b,c,...) are constructed using m bins for each
argument, i.e., the object p(a,b,c,...) has m? bins, where d is the dimension (number
of arguments) of p. The sum in Eq. [1| runs over the corresponding discrete bins. The
number k£ can be converted to a ‘time lag’ by multiplying it by the sampling rate.
The construction of the probability distributions is done using ‘coarse graining’, i.e.,
a low number of bins (here, m = 3), to obtain statistically significant results. For
more information on the technique, please refer to Ref. [19]. The value of the Transfer
Entropy 7', expressed in bits, can be compared with the total bit range, log, m, equal
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to the maximum possible value of T', to help decide whether the Transfer Entropy is
significant or not.

The statistical significance of the Transfer Entropy can be estimated by calculating
T for two random (noise) signals [20]. Here, we will be analyzing signals with a typical
duration between 0.2 and 0.3 s (or up to nearly 2 s for modulated discharges) at a
sampling rate of up to 2 MHz, corresponding to 4 - 10° < N < 6 - 10° samples, so that
the statistical significance level of T" is well below 107%.

The Transfer Entropy measures the increase of degree of predictability of the next
temporal sample of signal x, given historical information from both signals x and y, as
compared to the degree of predictability given only historical information from signal y
itself. In this paper, ‘historical information’ is simply the value of the sample at time
t — At, where At = k/ fsamp is the ‘time lag’ ( foamp being the sampling frequency). The
complete set of historical information would correspond to the whole available range
of At values, from 0 up to a maximum value determined by the available samples of
the data array. Therefore, the Transfer Entropy calculated using only one historical
sample corresponds to only a fraction of the available predictive capacity that can be
obtained from all historical information; hence it is not unreasonable that the obtained
values of the Transfer Entropy are generally not close to the maximum value possible,
log, m. On the other hand, using a single lag value offers the advantage that it is easy
to deduce an ‘information propagation speed’ that can be fruitfully compared to the
expected propagation speeds for heat transport.

The Transfer Entropy has some remarkable properties. First, it is directional, a fact
that provides an additional filter that preferentially selects information components
related to (directional) propagation. Second, unlike linear tools such as the cross
correlation or the conditional average, it does not depend on the temporal waveform
or even the amplitude of the fluctuations, but merely on the time lag between =z
and y. This converts the technique in an exquisitely sensitive tool to study the
propagation of perturbations in highly non-linear systems (such as fusion plasmas),
in which perturbations tend to be deformed or change shape quickly as they propagate.

However, we emphasize that the ‘propagation of information’ is not the same as the
‘propagation of heat pulses’, as the former does not depend on signal amplitude, while
the latter does. On the other hand, diffusion is a geometrical quantity: it measures
the spread (distance squared) in time of an initially concentrated perturbation. Thus,
even though the Transfer Entropy is a measure of ‘information transport’” and not
‘heat transport’, it should still be possible to extract the geometrical properties of this
spreading and hence a diffusion coefficient. As the underlying measurements are electron
temperature fluctuations, one may expect this geometrical spreading to be relevant to
the topic of ‘heat transport’.
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Figure 3. a) Left: Mean coherence between all ECE channels versus the nominal
p values of the channels. b) Right: The same, but after applying the p correction
discussed in the text. Note that the dotted appearance of the auto-coherence (along
the line p’ = p) is an artifact of the interpolation method used.

3. Experimental results

3.1. Identification of flux surface shift

The location of the rational surfaces may deviate from the calculated (‘nominal’)
location, obtained in a reference discharge, due to finite 3 effects or (bootstrap) currents
in the plasma. To identify the rational surfaces, we apply a simple technique, consisting
of calculating the coherence between ECE channels.

Fig. |3 shows the mean coherence 7, between any two ECE channels (z and v,
located at ‘nominal positions’ p and p’, respectively), defined as:

8 (@) (w)dw
fYa:y - 2 (2)
fSwy(w)dw
where 57, (w) is the spectral cross power, S2, = |/|S2||S2|, and the spectral coherence is
| (S (w) Sy (w))]
Vay(W) = 2 (3)

VIS2(W)(S2(w))
where rectangular brackets refer to an ensemble average over successive time intervals.

Fig. 3p shows two main features: 1) a strong diagonal feature (at p’ = p),
corresponding to the auto-coherence, which is 1 by definition; and 2) a linear feature
at near right angles, close to the line p’ = —p, corresponding to the coherence between
channels on the same flux surface, but on opposite sides of the magnetic axis. Due to the
fact that the ‘nominal p’ values correspond to a discharge (160302.008, 3.2-3.7 s) with
slightly different pressure (/) than the one studied in this case (160309.011, 0.08-0.38
s), a slight deviation from the line p’ = —p occurs, similar to a ‘Shafranov shift’.

The perpendicular linear feature seen in Fig. can be modeled as
o =—p+0b(1—p?), shown in this figure as a dashed line. This fit can be used
to correct the ‘nominal p’ values to account for the Shafranov shift, by defining
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Prew = Pold + A(1 — p44), where A = —b/2. The result of this correction is shown in
Fig. [3pb. The correction implicitly assumes that the B-field is not modified significantly
with respect to the reference equilibrium (on which the ‘nominal” ECE radii are based),
even in the presence of the additional Shafranov shift of the flux surfaces.

The figures in the remainder of the paper show p values that are corrected for the
Shafranov shift using this coherence technique.

3.2. Radial propagation of core perturbations

To visualize radial propagation (of information), we have calculated the Transfer
Entropy in a number of discharges with different conditions, between a reference ECE
channel and all other available ECE channels. Within each discharge, the ECRH heating
power was varied. An initial ‘high power’ phase (ECRH power Pgcry ~ 2.0 MW) was
followed by a ‘low power’ phase (Prcrn ~ 0.6 MW) and a ‘medium power’ phase
(Prcru =~ 1.3 MW), each phase lasting about 0.3 s. The discharges correspond to
different magnetic configurations and ¢ profiles (cf. Fig. [1)), such that rational surfaces
are placed at different radial locations (as indicated in the figures below). The vertical
axes and rational surfaces shown in the figures of this section always correspond to the
nominal p values of the ECE channels, corrected for the Shafranov shift according to
the method of Section [3.1] Line average density was relatively low in these discharges
(Me ~ 1.5 - 101 m™3).

We are most interested in outward propagation. Therefore, we use a reference
channel located close to p = 0.2, not far outside the central ECRH power deposition
region.

To clarify and emphasize the advantages of our approach, we first compare results
from the Transfer Entropy and the standard cross correlation. This comparison is shown
in Fig. [l While the Transfer Entropy is a fully non-linear analysis, the correlation
analysis is linear and therefore perhaps not ideally suited for the analysis of turbulence.
This is reflected in the low values of the correlation, which would normally not be
considered significant, except for the relatively high values occurring at time lag 7 = 0
(around 0.5, exceeding the maximum value of the color scale shown; recall that these
correlation values were used in Section for the correction of p values). However, we
note that the general pattern of the correlation for time lags 7 > 0 and radii p > 0.2
bears a striking similarity to the Transfer Entropy results, which gives confidence that
the Transfer Entropy results are physically meaningful. The large value of the Transfer
Entropy with respect to the statistical significance level (around 107*, see Section
should be noted. This example shows to what degree the nonlinear Transfer Entropy
supersedes the linear correlation when analyzing the propagation of small, irregular heat
pulses.

Fig. shows the result of the analysis for two discharges with the same
configuration, which can be used to provide an indication of the reproducibility of results.
Although reproducibility is not perfect, clearly some of the main features are similar



Study of radial heat transport in W7-X using the Transfer Entropy 9

a) Transfer Entropy b) Correlation
0.3
0.01 0.25
0.008 02
0.006 015
0.004 0.1
0.002 0.05

Figure 4. Transfer Entropy and cross correlation vs. p and time lag, 7, for discharge
20160309.016. Configuration index: 3 (cf. Fig. . In this and the following figures,
dots on the left-hand axis indicate the location of ECE measurement channels, while
horizontal dashed lines indicate the location of rational surfaces. Some contour lines
have been added for clarity.

among these discharges and heating levels, in particular the indicated ‘plume’ (thick
dashed line) moving outward from |p| ~ 0.2 to the 4/5 rational surface, very similar
in shape, width, and propagation speed between the two discharges. High values of
TE at p ~ 0.85 in the high power case should be ignored, as these can be ascribed
to the low frequency tail of 3™ harmonic emission with small optical depth, so that
these measurements do not correspond to local temperatures. On the other hand, the
low /high field side asymmetry in the high power phase could be caused by relatively
strong emission from hot core electrons, contaminating the low field side data. In the
following, we will therefore focus on the remaining data (0 < p < 0.85). We emphasize
that the Transfer Entropy in this radial range tends to peak at time lag values that
are consistent with typical time delays expected from the background heat transport
coefficient, which gives confidence that these results are relevant for the heat transport
studies at hand.

Generally speaking, the Transfer Entropy reaches higher values in the high power
phase, which is attributed to a larger number of perturbations originating propagation.
It is noteworthy that the 4/5 rational surface seems to constitute an ‘attractor’ (or
‘trapping zone’) for this outward plume. In addition, a strong response is seen near the
9/11 rational surface (at time lags between 3 and 12 ms) in the high power cases. This
suggests that the core perturbations, which may be assumed to be of larger amplitude in
the high power cases, trigger a response near this 9/11 surface, located further outward.

Fig. [6] shows the results from a discharge with a different magnetic configuration
(note that the rational surfaces have moved slightly with respect to the preceding
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Figure 5. Transfer Entropy vs. p and time lag, 7, for equivalent discharges
20160309.010 (a-c) and 20160309.011 (d-f), at three different power levels (see text).
Configuration index: 1 (cf. Fig. . Radial propagation is indicated with a thick dashed
line.

figure). Comparing the low and high ECRH power phases, one observes that they
have in common that some perturbations propagate outward relatively slowly to the
4/5 rational surface, which acts as a ‘trapping zone’ for these perturbations, similar to
Fig. [}l In the high power phase, there is an additional branch of radial propagation,
faster and more intense (in terms of information transfer), reaching the 9/11 rational
surface.

Fig. [7] shows a similar result, again in a different magnetic configuration, for three
ECRH power levels. Propagation is outward from |p| ~ 0.2 until the position of the
9/11 rational surface is reached. The latter position acts as a ‘trapping zone’ for the
outward propagation of information.

Summarizing the observations so far, the outward propagation of the temperature
perturbations (more precisely: the causal impact of central temperature fluctuations
on fluctuations further outward) is detected with clarity and shows up as a more or
less ‘diagonal plume’ corresponding to outward propagation starting at the reference
position, |p| = 0.2. The typical radial propagation speed is approximately 0.5 m (the
minor radius) in 20 ms, or 25 m/s. This can be compared to the result for TJ-1I, where
speeds in the order of 100-200 m/s were obtained [3].
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Figure 6. Transfer Entropy vs. p and time lag, 7, for discharge 20160309.016.
Configuration index: 3 (cf. Fig. . Radial propagation is indicated with a thick
dashed lines.
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Figure 7. Transfer Entropy vs. p and time lag, 7, for discharge 20160309.022.
Configuration index: 9 (cf. Fig. [1)). Radial propagation is indicated with a thick
dashed lines.

The figures show that propagation is not continuous, but experiences delays
(‘trapping’) at certain radial positions, which appear to be associated with low-order
rational surfaces, within the available resolution. Also, apparent propagation ‘jumps’
occur, when the response at a given outward location is more intense than at some
other locations further inward. This is exemplified by Fig. [6, in which two transport
branches may be discerned: (a) relatively slow outward propagation up to the 4/5
rational surface, visible in both the low and high ECRH power phases, and (b) much
faster radial propagation, apparently discontinuous, reaching the 9/11 rational surface,
only apparent in the high power phase. This result seems to suggest that an additional
transport channel is activated at increased heating power; therefore, this effect might
be related to the phenomenon of power degradation.
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Some figures seem to suggest that different rational surfaces may be affecting
transport simultaneously. E.g., in Figs. |5[ and @ the left graphs (high power) seem
to show that both the 4/5 and 9/11 rational surfaces are associated with transport
barriers or ‘trapping zones’.
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Figure 8. Transfer Entropy vs. p and time lag, 7 for discharge 20160309.016 (high
power phase). a) Left: reference p ~ 0.4; b) Right: reference p ~ 0.8. Dots indicate the
location of ECE measurement channels. Horizontal dashed lines indicate the location
of rational surfaces.

3.3. Radial propagation of mid-radius perturbations

In this section, we study the effect of choosing a different reference ECE channel. Fig.
shows two examples with reference positions taken at p ~ 0.4 and 0.8. Starting from
|p| ~ 0.4, both inward and outward propagation is visible (indicated by the thick dashed
lines). From the reference position p ~ 0.8, inward propagation is visible. Note that
the Transfer Entropy values are much lower in the latter case, suggesting that inward
propagating events are more scarce.
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3.4. Comparison between Transfer Entropy and the Fourier analysis of heat pulse
propagation

In this section, we will study discharges with modulated ECRH. The main purpose of this
exercise is to compare the Transfer Entropy results with the results from a traditional
heat wave analysis using Fourier techniques [21], in order to understand the relevance
of the Transfer Entropy for heat transport analysis better.

In the discharges studied here, power is modulated at f,q = 17 Hz with a
modulation depth of about 35%. Fig. [J] shows the Transfer Entropy, calculated over
the time window 0.35 <t < 2.0 s, with modulated on-axis heating, along with the
Fourier time delay and amplitude (cross power) using a traditional analysis based on
the fundamental modulation frequency. The reference position is taken at p ~ 0. The
Fourier time delay is related to the relative phase with respect to the reference channel
by At = A¢/27 finea. Outward propagation of the heat waves from the core is very clear
on both sides of the magnetic axis.

Likewise, Fig. shows the Transfer Entropy, calculated over the time window
0.30 <t < 1.1 s, with modulated off-axis heating, along with the Fourier time delay and
amplitude. The reference position is taken at p.s >~ 0.4. The results show heat waves
propagating both inward and outward from the reference position (p ~ 0.4) and the
opposite point at p ~ —0.4.

We draw attention to the fact that the Fourier time delay values show similar radial
behavior as the local Transfer Entropy maxima. In our opinion, this certifies that the
Transfer Entropy time delays are the result of radial heat transport of the modulated
heat wave. The precision of the Fourier results (indicated by horizontal error bars) is
better than the Transfer Entropy. This is due to the fact that the Fourier results are
based on a single frequency component of the modulated T.(p,t) signals, namely the
fundamental frequency, whereas the Transfer Entropy is calculated from the unfiltered
signals, and includes other frequency components as well as noise.

Of course, we have no intention to present the Transfer Entropy as an alternative
to the powerful Fourier technique, but rather, we are trying to show the relevance of the
Transfer Entropy to heat pulse propagation analysis. In this respect, we would like to
point out that heat wave analysis based on ECRH power modulation typically involves
modulation amplitudes that are sufficiently large to facilitate easy detection, which may
be considered a significant perturbation of the background plasma state. On the other
hand, the Transfer Entropy facilitates the analysis of the propagation of small, random
perturbations, as reported in the preceding sections, and so offers a non-perturbative
approach to heat pulse analysis, arguably a strong point of this technique.

Thus, we conclude that the Transfer Entropy provides essentially the same
information as the phase delay obtained from modulation experiments, which justifies
our interpretation of the obtained time delays (or relative phases) in terms of heat
transport [22].
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Figure 9. Comparison of Transfer Entropy (left) and Fourier analysis (time delay
shown in the left panel and amplitude in the right panel as black lines with error bars)
in a modulated discharge (20160302.008) with on-axis heating.
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Figure 10. Comparison of Transfer Entropy (left) and Fourier analysis (time delay
shown in the left panel and amplitude in the right panel as black lines with error bars)
in a modulated discharge (20160308.016) with off-axis heating.
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4. Modelling

In this section, we will use numerical simulations to aid the interpretation of the
experimental observations presented in the previous sections. The results reported in
Section |3 suggest that the observations might involve fluctuations associated with the
magnetic geometry, such as resistive MHD modes. Therefore, we turn to a resistive MHD
model, while emphasizing that only few plasma turbulence models include the effects
of perturbations of the magnetic geometry [23], as most turbulence (and gyrokinetic)
models operate in a fixed magnetic geometry for simplicity. This model is then used
to study the temporal evolution of heat perturbations and the effect of self-consistent
zonal flows on radial propagation. Due to the demanding nature of these simulations,
the simulations are performed in a simplified mean geometry (cylindrical), and the
Neoclassicial radial electric field F, is not included. Consequently, the simulations are
not intended to model W7-X in detail, but merely to provide initial and qualitative
understanding of the effects on heat transport produced by the mentioned instabilities.
The obvious enhancements of the simulation approach, namely including the full
magnetic geometry and matching the experimental profiles more closely, are left to
future work.

In devices with small magnetic shear, low-order rational surfaces have an impact
over a relatively wide radial region. Their presence may facilitate the generation of
magnetic islands and associated turbulent vortices, which can lead to the formation
of zonal flows. The radial variation of the amplitude of such zonal flows leads to the
formation of what has been called mini-transport barriers [24], 25], 26, 27, 28]. Below, we
analyze the temporal evolution of a heat pulse in this complex environment. In earlier
work, we performed this study for the TJ-II device, showing how these zonal flows affect
the propagation of heat [3]. Now, we repeat this analysis using parameters relevant to
the W7-X stellarator, which has low magnetic shear, like TJ-II, facilitating the study of
the impact of low rational surfaces and zonal flows on heat propagation.

4.1. The model

We use a two-fluid resistive MHD model that has been used several times in the past
to interpret results from TJ-IT experiments [29, 3]. It is based on the Reduced MHD
equations [30]. The dominant instabilities are pressure gradient driven modes — in
particular, interchange modes. The geometry of the system is a periodic cylinder (r, 6, z)
while the magnetic field line curvature  includes the averaged effect of the toroidal and
helical components of the magnetic field, where the magnetic field line curvature is given
by

r
Ry
Here, r is the radial coordinate, Ry is an effective major radius, a is the radius of the
cylinder and By is the toroidal magnetic field. The prime denotes the derivative with

BXV". (4)

R =

respect to toroidal flux, and V' = [ dl/B is the specific volume enclosed by a flux surface.
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The model is described by the equations
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Here, v is the poloidal magnetic flux, U is the toroidal component of the vorticity,
n is the density and 7, is the electron temperature. The tildes indicate fluctuations
and the subindeces “eq” indicates the equilibrium profiles. V, is the perpendicular
component of the velocity. J, = V24 is the toroidal current and 7 is the resistivity.
U= V2 ¢/ By where ¢ is the electrostatic potential. The viscosity coefficient is u, D
is the perpendicular density diffusion and y (x.) is the parallel (perpendicular) heat
conductivity. 3y is the ratio of the plasma pressure p and the magnetic pressure, B? /2y,
where 119 is the vacuum permeability. The aspect ratio is ¢ = a/Ry. The resistive time
is TR = poa®/n(0) where 1(0) is the resistivity at the magnetic axis. The Alfvén time is
Ta = Roy/lom;n; /B, where m; and n; are the ion mass and density, respectively. The
Lundquist number is S = 7g/74. The normalized frequencies appearing in the equations
are Wy, = TAWse, Where w,, = T,/ (ea®B,) is the electron diamagnetic frequency; and
Wei = TAWei, Where we; = eB,/m; is the ion cyclotron frequency.

In the simulations, S = 1.9 x 105, By = 6 x 1073, @, = 2 x 1074, @, = 500
and € = 0.1. The density and temperature values are normalized to the maximum
density and temperature at equilibrium, respectively. Lengths are normalized to the
minor radius a and times to 7g. Please refer to Ref. [29] for more information about the
model.

The evolution of the averaged electron temperature is described by

oT,) 10 10 o(T.)
Neg 5 = (rlg) + neq;a (TXOL o + So, (6)
where the heat flux I'g is
o g o 3
Lo = e (ViT.) - 5T (BrJ.) = neg (Bix VT - (7)

The angular brackets indicate a poloidal and toroidal angle average. V, and B, are
the radial velocity and magnetic field, respectively. The source Sg serves to keep the
integrated electron temperature constant.

In this work, we use the “standard” magnetic configuration (index 1 in Fig. [1]) such
that the 4/5 rational surface is well inside the plasma and the 5/6 rational is relatively
close to the edge.
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Figure 11. Steady state profiles for density and electron temperature in the standard
magnetic configuration at some arbitrary time. Dashed lines indicate the position of
some low order rational surfaces.

4.2. Temperature perturbations

We advance our set of equations until steady state is obtained. The profiles are kept
steady with the aid of small, unchanging source terms. The steady state profiles for
density and electron temperature are shown in Fig. [T}

A single instantaneous heat pulse is introduced in the plasma. Then we follow the
relaxation of that perturbation over time. We run three different simulations with three
different pulses. The three pulses are located at different radial locations but have the
same initial shape, namely a Gaussian with peak value T, = 1.5 and a narrow width of
o = 0.07. The three locations are chosen to be inside, near, and outside a suspected
transport barrier. The time evolution of the three pulses is shown in Fig. The left
panel shows the average (angular and temporal) poloidal velocity (Vj). It should be
noted that even in steady state, the poloidal velocity is not constant and evolves in
time. However, for the duration of the heat pulses the (Vj) is mostly constant. The
temporal average of (V) has been calculated over a time that exceeds the duration of a
heat pulse by a factor of 100. The three right panels show the propagation of the pulses
launched at initial locations r/a = 0.25, r/a = 0.35 and r/a = 0.45, respectively. The
colors indicate the temperature difference between T,(r,t) and the initial T°(r) profile
(taken immediately before the pulse).

We suggest a transport barrier is formed in the region between r/a &~ 0.26 and
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Figure 12. The left panel illustrates the (Vp). The next three right panels shows the
propagation of the perturbation of the electron temperature due to pulses launched at
r/a =0.25, r/a = 0.35 and r/a = 0.45, respectively. Horizontal dashed lines indicate
some major rational surfaces.

r/a =~ 0.4, due to the shear in the poloidal velocity. The first pulse, launched at
r/a = 0.25, is mainly trapped by the barrier. However, some part of the pulse crosses the
barrier. The pulse slows down around r/a = 0.35 due to the high flow shear. The second
pulse, launched at r/a = 0.35, is located initially inside the transport barrier. Part of
the pulse remains trapped close to the initial position because of the flow shear, while
the rest propagates radially outwards. The last pulse, launched at r/a = 0.45. is more
clearly outside the transport barrier, so the pulse is not trapped and also propagates
mainly outwards. Note that the second and the third pulse also slow down at a different
transport barrier that appears to exist around r/a = 0.55, where another (small) shear
region is present so that propagation slows down.

Next, we use the transfer entropy method to analyze the T, perturbations. However,
the method is quite sensitive to background details, so, to eliminate noise and obtain
robust results, we run the same cases eight times and then calculate the average of the
transfer entropy results. The eight simulations are run in steady state but at different
times with a slightly different background.

Fig. [13] shows the result of the analysis using the Transfer Entropy. As before, the
left panel shows the average poloidal velocity. The other three panels show the Transfer
Entropy for the three different pulses located at r/a = 0.25, r/a = 0.35 and r/a = 0.45,
respectively. The white arrows indicate the position of the reference signal used to
compute the Transfer Entropy. This position coincides with the initial radial location
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Figure 13. The left panel illustrates the (V). The next three right panels show the
Transfer Entropy versus time lag, for the cases corresponding to the pulses launched
at r/a =0.25, r/a = 0.35 and r/a = 0.45, respectively.

of the pulse, facilitating the analysis of the time evolution of the pulse. In the case
r/a = 0.25, radial propagation from r/a ~ 0.30 to r/a ~ 0.40 is visible. Furthermore,
the horizontal branch of relatively high TE values at r/a =~ 0.39 shows that part of the
pulse is trapped in that region because of the flow shear. High entropy areas are also
present in other regions of the plasma, presumably due to non-local effects. Analysis
of the second pulse, launched at r/a = 0.35, again show high TE values at r/a =~ 0.39,
revealing a trapping region, and radial propagation from r/a ~ 0.45 to r/a ~ 0.6. The
TE shows that propagation slows down slightly at r/a & 0.55 due to the increased flow
shear in that region. The last pulse, launched at r/a = 0.45, outside the mentioned
transport barrier, again shows radial propagation from the initial point to r/a ~ 0.7,
but there is a region around r/a ~ 0.68 where the pulse slows down because of the flow
shear associated with a different barrier. In all three cases, the TE shows jumps during
the radial propagation.
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5. Discussion

The main results of this work mirror the earlier findings in TJ-II [3]: (a) flow shear layers
associated with rational surfaces have an impact on radial heat transport by constituting
minor transport barriers, and (b) occasionally transport appears to ‘jump over’ radial
regions, resulting in non-local transport effects. Both these points imply a significant
role of magnetic (MHD) turbulence in heat transport in these low density discharges.
Consequently, transport is not smooth and continuous, as assumed in most (diffusive)
transport models, but heat has a tendency to accumulate at ‘trapping zones’ located near
rational surfaces or perform rapid radial excursions. At least part of the heat transport
occurs therefore in a stepwise rather than continuous fashion. The ‘jumping’ effect is
associated with (MHD) mode coupling, involving the exchange of energy between the
plasma and the magnetic field [31],[32]. Interestingly, the ‘jumps’ increase in importance
as power is increased.

Spontaneous perturbations and heat waves (due to modulation) both propagate
outward at a speed of around 25 m/s. In comparison, outward propagation at TJ-II
occurs at a typical speed of 100-200 m/s. This difference can doubtless be associated
with the better confinement properties of W7-X. A careful comparison of the analysis
of ECRH modulation experiments using both a traditional Fourier technique and the
Transfer Entropy clarifies that the time lag of the Transfer Entropy delivers essentially
the same information as the Fourier phase delay, justifying our interpretation of the
Transfer Entropy in terms of heat transport.

The low-density ECRH heated discharges studied here (Core Electron Root
Confinement, CERC) are characterized by a positive radial electric field E, in the core
(electron root) and a negative E, in the outer half of the plasma (ion root) [8]. The
transition between these two regions constitutes a shear layer that might in principle be
associated with a transport barrier. The radial position where the Neoclassical radial
electric field changes sign (around mid-radius) is expected to shrink by about 30% when
power is reduced from its highest to its lowest value [33]. The results shown in Section
[3.2] however, show no difference at all in the radial location of the ‘trapping zones’
as heating power is changed. Hence, it appears unlikely that the Neoclassical change
of root is related to the ‘trapping zones’ reported here. A further argument against a
Neoclassical explanation for the observed ‘trapping zones’ is the simultaneous existence
of two radial ‘trapping zones’ in a single discharge, which cannot easily be explained by
the single sign change of E,. predicted by Neoclassical calculations. The main difference
between a Neoclassical flow shear layer and one associated with rational surfaces is that
the latter is associated with the electromagnetic (fluctuating) component of the fields,
which is thought to be essential for the effects reported in this work.

A resistive MHD model has been used to interpret the experimental results. Three
different temperature perturbations were launched at different radial locations in the
plasma. Radial propagation was always observed. However, the propagation was
modified by the shear flows present in the plasma. Analysis of the Transfer Entropy,



Study of radial heat transport in W7-X using the Transfer Entropy 23

applied to these numerical results, showed a clear consistency with the evolution of the
electron temperature, confirming the relevance of this technique for the analysis of heat
transport.

This work confirms earlier studies that indicated that rational surfaces have an
impact on radial heat transport. A fine study in this respect is the early work carried
out at RTP [34]. Also noteworthy is work at Alcator C-Mod [35]. Recently, we performed
a study similar to the present one at TJ-II, with similar conclusions [3].
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