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ABSTRACT

In this work, we study spontaneous electron to ion root transitions in TJ-IT using Langmuir probes. By scanning the probe position on a shot
to shot basis, we reconstruct a spatiotemporal map of the evolution of important turbulent quantities in the plasma edge region. We pay par-
ticular attention to the evolution of the cross phase between transport-relevant variables, showing the spatiotemporal evolution of this quan-
tity for the first time, revealing the outward propagation of the changes associated with the transition. We also compute the intermittence
parameter, which allows us to conclude that the turbulence, although its amplitude increases, condenses in a reduced number of dominant
modes and becomes less bursty. The causal relationship between variables is studied using the transfer entropy, clarifying the interactions
between the main variables and offering a rather complete picture of the complex evolution of the plasma across the confinement transition.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0057791

I. INTRODUCTION

Fusion plasmas are strongly driven systems, exhibiting some of
the steepest temperature gradients of all known systems, and are,
therefore, far from thermodynamic equilibrium. These systems exhibit
phase transitions (confinement transitions) in which order arises
spontaneously out of strong turbulence in the form of zonal flows,
associated with the establishment of a radial electric field and a trans-
port barrier involving the modification of turbulence.' The complex
interactions between radial transport (profiles) and turbulence remain
a subject of intense study, in view of the importance of transport bar-
riers for the efficiency and viability of putative fusion reactors. In this
work, we study the regulation of transport by sheared flows through
the cross phase between fluctuating variables,” ~ with unprecedented
spatiotemporal resolution, and use some advanced techniques [the
transfer entropy (TE) and intermittence] to provide deeper insight
into these processes.

This paper is organized as follows: Sec. II describes the experi-
mental setup, Sec. III describes the methods that were used, and
Sec. IV provides the experimental results. The results are discussed in
Sec. V, and some conclusions are drawn in Sec. V1.

Il. EXPERIMENTAL SETUP

TJ-11 is a flexible Heliac” with toroidal magnetic field By ~ 1 T,
major radius Ry = 1.5 m, and minor radius a <0.22 m.” Plasmas can
be heated using two Electron Cyclotron Resonance Heating (ECRH)
beam lines delivering up to 300kW each at a frequency of 53.2 GHz
(X' mode) and two Neutral Beam Injector (NBI) systems (co and coun-
ter) with up to 2 x 700 kW port-through power. The line average elec-
tron density is measured using a microwave interferometer.”

In this work, we analyze a set of similar ECR heated discharges
with a magnetic configuration (labelled “100_46_65) characterized
by low magnetic shear and a rotational transform +(0) ~ 1.575
and +(1) ~ 1.665. The vacuum configuration has some important
rational surfaces in the edge region (+ =5/3 at p~1 and
+ = 18/11 at p ~ 0.86). Since both plasma pressure and internal
plasma currents are small, the actual magnetic configuration
closely matches the externally imposed configuration.’

TJ-11 is fitted with two reciprocating probe drives. Probe drive D
(located at toroidal position ¢ = 38.2°) is fitted with a staircase head
containing three triple probes.'”'" Each triple probe consists of three
pins, measuring Vj I, and Vs respectively, where Vris the floating
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potential and Iy is the ion saturation current. Probe drive B (at
¢ = 195°) is fitted with a rake probe, containing a triple probe at its
tip and several radially distributed pins along its side.'”

. METHODS

The difference of the two Vy measurements of the triple probe,
aligned poloidally, divided by their distance dj, provides an estimate of
the poloidal electric field, Ey, at the same location as the I, measure-
ment. The sign convention of E, follows Ref. 13. Likewise, the radial
electric field E, can be estimated from the difference of two V} signals
divided by their radial distance d, using two radially spaced probe pins.

The fluctuating particle flux I'" can be estimated from
I'= (ﬁfig) /B. The ion saturation current Iy, is assumed proportional
to the fluctuating density 71. Thus, the fluctuating particle flux is pro-
portional to the fluctuation amplitudes or root-mean-square values
RMS (I ) and RMS (Ep), as well as the cosine of the phase angle A¢
between these two quantities, cos (A¢)." Hence, these quantities play a
major role in the understanding of particle transport and are the prime
focus of this work.

The probe data also allow estimating the phase velocity vy using
the two-point correlation technique'* applied to the mentioned two
poloidally aligned V; signals. Thus, using this probe setup, a rather
complete set of data are accessible to study turbulence evolution dur-
ing confinement transitions.

The phase angle is estimated using two alternative techniques.
The complex coherence y(f) of two signals x(f) and y() over a time
window T = {ty <t < t,} is calculated by subdividing this time win-
dow in a small number N of subwindows, calculating the complex
Fourier transforms X(f) and Y(f) for each subwindow, and evaluating

7= (XY*) /A (IX)n (| Y]?) - Here, (-) denotes an average over

the N subwindows. The frequency-averaged cross phase A¢,,, of
the coherence is estimated over a range of frequencies using
€xp (1A¢coh) = Zf V/ Zf |V‘

Alternatively, the Hilbert cross phase is calculated for a time win-
dow T by calculating the fluctuating part of the signals, X (¢) = x(t)
—(x), where (-) is the average over T and similar for y. Then, the
Hilbert transform is applied to x and y, yielding complex signals x(t)
and 7(t). The Hilbert cross phase A¢y is defined from

exp (ilpy) = (55" ) g/ (1) () -

The intermittence parameter arises in the field of chaos the-
ory."”'® The fluctuation level of a time series of length N is character-
ized by its normalized root-mean-square (RMS) value ¢, calculated
over subtime windows with length n < N: e = RMS,,/RMSy. The
moments (€“),, averaged over all available subwindows with length #,
are expected to decay as a power of the window length, namely,
(%), oc n~K(@_ Since we are interested in the turbulent (high fre-
quency) characteristics of the fluctuations, we determine K(q) from a
linear fit of a set of values of log (") vs logn, for a range of values of
n=1,...,n;, where n; is small, e.g, n; = 8. When K is linear in q,
the time series is considered to be monofractal, otherwise it is multi-
fractal. The intermittence parameter C; is defined as the derivative
dK /dq evaluated at ¢ = 1 and ranges from 0 for a monofractal time
series to 1 for a multifractal time series.'” It is rather insensitive to ran-
dom noise.'” Signals with high value of C; are more “bursty” in nature
than signals with low C;.

scitation.org/journal/php

The Transfer Entropy (TE) is a nonlinear analysis technique,
related to the mutual information, that has proven useful for deter-
mining causal relations between fluctuating variables'’ and the study
of heat transport in stellarators,” among others. It measures the
“information transfer” between two time series x(¢;) and y(t;) by
quantifying the number of bits by which the prediction of the next
sample of signal y can be improved by using the time history of not
only the signal y itself, but also that of signal x. We use a simplified
version of the transfer entropy that can be written as

P(}’i+1 |)’i—k’xi—k) 1)
pOinlyin)

where the p’s are multidimensional probability distributions calculated
from the data. Only a single historical value (i — k) of x and y is used
to determine the impact on the next value of y (at i+ 1). Thus, we
compute Tx_.y for a range of values k to study the causal impact at
various “time lags.” If the prediction of the signal y is improved by the
information contained in signal x, Tx_y will be significant and there
is a flow of information x — y, which can be interpreted in the sense
that x impacts y or has a causal influence on y. Unlike the mutual
information and the standard linear correlation (which merely quanti-
fies a similarity of waveform), this quantity is directional (from x to ),
as would be required of any quantifier of causality. Even so, as with
any quantifier of causality, one can never rule out the existence of a
third (possibly undetected) variable z that affects both x and y, so the
transfer entropy only provides an indication of causality and no proof.

IV. EXPERIMENTAL RESULTS

In TJ-IT ECRH plasmas, when the line average electron density is
raised above a critical value of 7, ~ 0.6 x 10" m >, the plasma per-
forms a spontaneous transition from electron root to ion root confine-
ment.”” > Among other things, this transition is characterized by a
change of sign of the radial electric field E, in the edge region.

In the discharges analyzed here, these spontaneous confinement
transitions were achieved repetitively and systematically by modulat-
ing the gas puff. In previous work, the global evolution of profiles
(potential, density) and fluctuations from edge Langmuir probes were
studied, and the formation of the edge particle transport barrier was
visualized.”” Magnetic activity was studied using Mirnov pickup coils
and poloidal flow using Doppler reflectometry.”* Heat transport was
analyzed using electron cyclotron emission data in Ref. 20 and core
intermittence using heavy ion beam probe data in Ref. 18.

Figure 1 shows some typical time traces. Apart from the top time
trace (a), all data are obtained from the D probe system, located inside the
plasma at p =~ 0.92. The transition roughly occurs when the line average
electron density 7, Fig. 1(a), crosses the value ~0.6 x 10% m~>. The
root-mean-square fluctuation amplitude of the density time trace
increases during the transition, as reported in previous work.”

Figure 1(b) shows that the smoothed floating potential (averaged
over two poloidally spaced V probe tips) changes sign at the transi-
tion, as does the poloidal velocity vy shown in Fig. 1(c). Figure 1(c)
also shows the smoothed radial electric field E,. Assuming that the
poloidal velocity is dominated by the E x B flow and considering that
the TJ-II magnetic field B ~ 1 T, the numerical values of E, and vy
should be very close, and so they are, except near the transition, where
E, appears to be affected by a strong zonal flow contribution. A zonal
flow structure is poloidally and toroidally symmetric and, therefore,

Tx_y = ZP(}’:‘H s Viks Xik) log,
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FIG. 1. Time traces of some relevant quantities across the e-root to i-root transition
(configuration 100_46_65). The Langmuir probe position is p ~ 0.92. Top to bot-
tom: (a) the line integrated electron density 7i; (10" m=3). (b) Running average of
the floating potential V. (c) Poloidal velocity, computed from the two-point correla-
tion technique using two poloidally spaced V; pins and radial electric field calculated
from two radially spaced V; pins. (d) The RMS variation of Ey (black) and /s (red)
from the triple probe. (e) Cross phase between Ej and /s calculated using two
methods, as indicated in the legend. Horizontal dashed lines indicate multiples of
/2. (f) Intermittence of £y (black) and /s (red). In (c)~(f), dots are calculated val-
ues, and the same-colored line is a smoothed curve through the dots.

would not affect vy, which is derived from two poloidally displaced
probe pins. This interpretation is reinforced by the fact that long range
correlations”' between the remote B and D probes have been detected
around this time,”” another hallmark of zonal flows.

Prior to the transition, the turbulence amplitude as quantified by
the RMS values of Eg and Iy [shown in Fig. 1(d)] is roughly constant,
but at = 1090 ms, it significantly increases. Figure 1(e) shows that the
cross phase between Ey and Iy, calculated using the two methods
described above, gradually changes from about —7/2 for ¢ < 1090 ms
to ~0 for ¢ > 1110 ms. Figure 1(f) shows that the intermittence param-
eter C, for these two quantities is roughly constant for t < 1090 ms
and then significantly drops at t ~ 1100 ms.

Figure 2 shows the spectrogram of Ey for the discharge shown in
Fig. 1. It shows an increase in low-frequency activity following the
transition, consistent with the increase in RMS (Ej). The very low fre-
quency activity (f <10kHz) is particularly intense around the time of
the transition and is presumed to be related to the mentioned zonal
flow. The later, higher frequency activity (20 < f < 30 kHz) is known
to be related to a rotating MHD mode, as reported in Ref. 24 on the
basis of Mirnov coil analysis.

In this discharge, the B probe was located at approximately the
same radial position (p ~ 0.9) as the D probe. One of the pins of the
B probe was setup to measure T, using the fast swept probe tech-
nique.” Results are shown in Fig. 3. It is observed that the electron
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FIG. 2. Spectrogram of E, for discharge 18907 (cf. Fig. 1). The color bar specifies
the value of log;o(S?), where S? is the spectral power.

temperature slightly increases following the transition, but can be dis-
carded as the cause of the observed phase changes.

Probe B was radially moved on a shot to shot basis. This allows
obtaining not only the temporal, but also the spatial variation of many
quantities. To compare discharges with slightly varying transition
times, we defined a critical time #. as the time at which vy changes
sign and then displayed the quantities as a function of t — f;;.

Results are shown in Fig. 4. The vertical axis shows the position
of probe B in each shot (in terms of the normalized minor radius, p).
Colors indicate the value of the quantity shown above each panel.

Figures 4(a) and 4(b) show the evolution of the RMS fluctuation
amplitude of I and Ey. Both significantly increase following the tran-
sition, more strongly so in the inner half (p < 0.93) of the examined
region. Figures 4(c) and 4(d) show the intermittence of I and Ejy. It
decreases after the transition, mainly in the same region where the
fluctuation amplitude increases.

Figure 4(e) shows the cross phase between Ey and Iy, calculated
using the coherence technique (integrating over frequencies <50 kHz).
At small values of p < 0.91, the phase increases from around —7/2 to

I
1050 1060 1070 1080 1090 1100 1110 1120 1130 1140 1150
Time (ms)

FIG. 3. Electron temperature evolution at p ~ 0.9 for the same discharge as Fig.
1, computed using the swept probe technique. Error bars correspond to the 1a con-
fidence level of the g5t (Vs) fit (see the text).

Phys. Plasmas 28, 092302 (2021); doi: 10.1063/5.0057791
Published under an exclusive license by AIP Publishing

28, 092302-3


https://scitation.org/journal/php

Physics of Plasmas

(a) RMS(_,,)
0.98 0.08
0.07
0.96
0.06
0.94 0.05
QU
0.92 0.04
0.03
0.9
0.02
0.88 0.01
-40 -20 0 20 40
Time (ms)
() c1(l,,)
0.98
0.25
0.96
0.94 0.2
QU
0.92 0.15
0.9
0.1
0.88
-40 -20 0 20 40
Time (ms)
(e) A ¢coh(E0’|sat)
0.98 w
0.96
0.94
QL
0.92
0.9
0.88

Time (ms)

ARTICLE scitation.org/journal/php

(b) RMS(E )
1600
0.98
1400
0.96
1200
0.94
< 1000
0.92 800
0.9 600
0.88 400
-40 -20 0 20 40
Time (ms)
(d) C1(E,)
s’ 0.25
0.98
0.96 0.2
0.94
= 0.15
0.92 :
0.9
0.1
0.88
-40 -20 0 20
Time (ms)
0.98 2000
0.96 1500
0.94 1000
QU
0.92 500
0.9 0
0.88 -500
-40 -20 0 20 40
Time (ms)

FIG. 4. Spatiotemporal evolution of some relevant quantities across the e-root to i-root transition (configuration 100_46, probe B). The p coordinate corresponds to the position
of probe B in each discharge. The horizontal axis shows the time minus the critical time (see the text).

~0 or less across the transition. At larger values of p, the phase
increases even more, similar to Fig. 1 (probe D), and reaches values
>m/2 at the outermost positions. Black contours are drawn at multi-
ples of 7/2 to facilitate understanding. Before the transition, the radial
phase profile is almost flat, but after the transition strong radial varia-
tion exists, such that the cross phase is maximal near p ~ 0.96 and
minimal near p ~ 0.88. In the region of the transport barrier
(p =2 0.95), the temporal variation of the RMS is only mild, whereas
the temporal variation of the cross phase is very significant.

Figure 4(f) shows the poloidal phase velocity, calculated using the
two-point correlation technique. It evolves from positive to negative
across the transition, similar to Fig. 1, although values differ according
to radius. The configuration of this probe did not allow calculating E,.

From previous work, it is known that the line average electron
density 7, plays the role of a control parameter for spontaneous con-
finement transitions at TJ-IL'" Figure 5 shows the Transfer Entropy
(TE) between this parameter and various relevant quantities at differ-
ent time lags (horizontal axis). It should be remembered that the

Phys. Plasmas 28, 092302 (2021); doi: 10.1063/5.0057791
Published under an exclusive license by AIP Publishing

28, 092302-4


https://scitation.org/journal/php

Physics of Plasmas ARTICLE

(a) TE : C1(Ey) — n.

0.98
0.96
0.94
0.92

0.9
0.88

0 20 40
7 (ms)
(©) TE : RMS(Ey) — n.

0.98
0.96
0.94
0.92

0.9
0.88

(e)
0.98
0.96

L 0.94
0.92
0.9
0.88

0.4

0.2

7 (ms)
(g) TE : A(bcoh(E@a Isat) — Ne

0.98
0.96
0.94
0.92

0.9
0.88

0.4

0.2

FIG. 5. Transfer entropy between the line average electron density n, and several
Vertical axes: probe position in terms of normalized radius, p.

vertical axis corresponds to the probe position, which was varied on a
shot to shot basis.

Several things are immediately clear: (1) The TE values of the
graphs #, — X are generally much larger than those of the graphs
X — 7., indicating that information flows from 7, to the other quan-
tities, consistent with the idea that 7, acts as a control parameter. (2)
Radial variation is significant. The largest values of TE are achieved
around p =~ 0.95-0.96, roughly where the transport barrier is
formed.”” (3) The time lags corresponding to the maxima of TE are
T ~ 25 ms, which is of the order of the transition time.

We draw attention to the fact that the values of TE are very
high compared to the maximum value possible [log,(3) ~ 1.6].

scitation.org/journal/php

(b) TE :n. — C1(Ey)

0 20 40
7 (ms)

(d) TE :n, — RMS(Ey)

0.98
0.4
0.2
0
0.4
0.2
0

7 (ms)
(h) TE : Ne — A¢coh EG, sat)

0.98

0.96 04
0.94

092 0.2
0.9
0.88

0
0 20 40
7 (ms)

variables of interest, as indicated in the plot headings. Horizontal axes: time lag t (ms).

Interestingly, the impact of 77, on the cross phase Ay, (Ep, Lsat)
occurs earlier for p ~ 0.91 than for p ~ 0.96 [cf., Fig. 5(h)]. This is
consistent with Fig. 4(e), where the phase change is seen to propagate
outward following the transition time.

Figure 6 shows the TE between several selected quantities of
interest. One particular variable is seen to have a significant
causal impact: RMS(Ey), i.e., the turbulence level; it has a large
impact on the cross phase Ad o, (Ep, L) [cf., Fig. 6(d)], signifi-
cant impact on the intermittence, C, (Ey) [cf., Fig. 6(b)], and to a
lesser degree on the poloidal phase velocity vy [Fig. 6(f)]. Here
also, the influence appears to occur earlier at more inward posi-
tions of the probe.

Phys. Plasmas 28, 092302 (2021); doi: 10.1063/5.0057791
Published under an exclusive license by AIP Publishing

28, 092302-5


https://scitation.org/journal/php

Physics of Plasmas ARTICLE

(a) TE:C1(Ey) — RMS(E,)

T 0.3
0.98 \J
0.96 T A I
0.94 SIS
QU
0.92 o1
0.9 :
0.88 ~
. 0
0 20 40
7 (ms)

(C)TE : Apeon(Ey, Isay) — RMS(Ejp)

7 (ms)
(e) TE : vy — RMS(Ep)
0.3
0.98
0.96
0.2
< 094
0.92 0.1
0.9 :
0.88
0
0.3
0.2
0.1
0

scitation.org/journal/php

(b)  TE:RMS(Ey)) — C1(E)

0.3

0.2

0.1

7 (ms)
(d) TE : RMS(E0) — A¢coh(E07 Isat

-2
by
u

7 (ms)
0.3
0.2
0.1
0
7 (ms)
(h) TE N A¢Coh(E07 Isat) — Vg 0.3
0.98 .
0.96
0.2
Q0.94 |
0.92 |
ool 0.1
0.88 |

FIG. 6. Transfer entropy between several variables of interest, as indicated in the plot headings. Horizontal axes: time lag = (ms). Vertical axes: probe position in terms of nor-

malized radius, p.

V. DISCUSSION

The analysis performed here reveals the complexity of the
dynamical interactions between turbulence and transport across the
confinement transition. On the one hand, the plasma rapidly switches
from electron to ion root conditions as the electric field is reversed.”
On the other hand, the increase in the electron density modifies the
intrinsic dynamics of the turbulence by modifying the driving gra-
dients. These two mechanisms (background transport and turbulence)
dynamically interact in a complex way.

We study the evolution of several key variables, in particular the
cross phase between Ej and I, appearing in the turbulent particle
flux, T = (E¢f1)/B, providing new information regarding the

transition process. First, key variables are visualized on a spatiotempo-
ral grid in the relevant plasma edge region. Second, several additional
quantities are studied to facilitate further understanding, namely, the
intermittence and the transfer entropy. Here, it should be noted that
the e- to i-root transition itself, marked by the change of sign of vy and
E,, occurs fast, which does not allow extracting its impact from these
analyses. However, it is possible to elucidate causal relations on the
slower timescale of continuous variations across the transition, as
exemplified in Fig. 1.

The line integrated density, 7, is the key control parameter for
the transition. Increasing 7, implies a global increase in the density
gradients, while the establishment of the edge transport barrier implies
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alocal increase in the density gradients, both of which increase the tur-
bulence drive; cf. the impact on RMS(Ey) in Fig. 5(d). It is interesting
to note that this impact occurs first at inward positions and later at
positions that are further outward.

The enhanced turbulence affects the cross phase Ay, (Eo, Lsat)
[Fig. 6(d)] and causes C;(Ep) to drop [Figs. 4(c), 4(d) and 6(b)]. The
latter implies that a dominant low-order helicity is growing (Fig. 2),
which causes changes in vy via Reynolds stress [Fig. 6(f)]. The poloidal
flow velocity vy is considered crucial for the actual transition.

The fact that C;(Ey) drops suggests that the sheared flow can at
least in part be ascribed to the presence of low-order rational surfaces
(eg,+=5/3 at p~1 and + = 18/11 at p ~ 0.86)."” This idea
might explain why the various quantities respond earlier at positions
close to the inner part of the observational domain, p ~ 0.86
(# = 18/11): the transition would be initiated near that location. The
interaction between turbulence and such dominant low-order modes,
therefore, possibly plays a key role in the formation and maintenance
of the sheared flow and the transport barrier.

The poloidal flow, v, and cross phase, A¢(Ey, L), visualized in
Figs. 4(e) and 4(f), respectively, appear to evolve in parallel. On physi-
cal grounds, the sheared flow (i.e., the shearing rate) is expected to be
the key driving force of the change in the cross phase, even if the corre-
sponding graphs of Fig. 6, the TE between vy and A¢(Ey, Isy), are not
very impressive. It should be noted, though, that both v, and
A@(Ep, L) are the result of a certain level of numerical processing,
which may obfuscate delicate causal relationships. In any case, the
zone of maximum shearing rate [roughly, the light green band in Fig.
4(f)] is seen to propagate outwards prior to the consequential phase
change. We note that the change in cross phase is very significant
(=mn/2).

At the time of the transition, when vy changes sign, a short-lived,
large amplitude zonal flow structure is observed (Fig. 1), characterized
by a significant deviation of E, from vy. This temporal behaviour is
similar to what has been observed elsewhere.””

After the transition, the plasma is in a new state (the ion root)
and is maintained in that state by neoclassical requirements (ambipo-
larity).”” It is interesting to note that the changed cross phase is main-
tained at its new value (Fig. 1), associated with the new equilibrium
profiles in the ion root state, in particular, the vy or flow profile.

VI. CONCLUSIONS

In this work, we have studied the spontaneous electron to ion
root transition using Langmuir probe data in the plasma edge region,
with both spatial and temporal resolution. The probe layout allowed
studying a number of relevant quantities: turbulence amplitude
[RMS(Ep) and RMS(Ist)], E» Eg, vo, Ap(Ey, L), as well as the inter-
mittence C; (Ey) and C; (Is). The causal relation between the various
quantities was studied using the transfer entropy.

It was found that the turbulence experiences significant simulta-
neous changes across the transition, as reflected by the evolution of all
mentioned quantities (Fig. 1): The turbulence amplitude (RMS) and
the cross phase (A¢) increase, while the intermittence (C;) drops. The
spatiotemporal evolution obtained by varying the probe position
(0.87 < p <0.99) in similar discharges (Fig. 4) shows, for example,
that the cross phase A¢(Ey, L) changes first in inward positions and
then propagates outward. The poloidal velocity vy also experiences
such an outward propagating change.

ARTICLE scitation.org/journal/php

Analysis with the transfer entropy reveals that the line average elec-
tron density 72, acts as a control parameter of the transition, presumably
indirectly, via the local density gradient that acts as a turbulence drive.
Note that the edge density gradient roughly increases by a factor of 2, as
reported in Ref. 22. The time delay between the density change and the
response of the plasma is approximately 25 ms. Again, the change is
seen to propagate outward (Fig. 5). Finally, the transfer entropy between
various relevant turbulent quantities was studied, showing that the main
drive is the turbulence amplitude RMS(Ey), which mainly impacts the
intermittence C; (Ey) and the poloidal velocity vy.
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