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Abstract

®

CrossMark

We report on recent experimental, numerical and theoretical investigations of suprathermal
ion transport and turbulent plasma dynamics in TORPEX. TORPEX is a toroidal

device in which field-aligned blobs are intermittently generated and propagate across

a confining magnetic field. Suprathermal ions are locally injected using a miniaturized
source and detected using gridded energy analyzers. We show evidence for subdiffusive

and superdiffusive transport of suprathermal ions, using an unprecedented combination

of uniquely resolved three-dimensional measurements and first-principles numerical
simulation. We present time-resolved measurements of suprathermal ion current fluctuations,
which exhibit a clear causality relation with blobs, as revealed by a transfer entropy

method for the superdiffusive case. This link is further investigated by using a conditional
sampling technique, which allows resolving the cross-field dynamics of both blobs and

the suprathermal ion beam, revealing that suprathermal ions experiencing superdiffusive
transport are associated with bursty displacement events, resulting in highly intermittent time
traces. This work links observations usually inaccessible in fusion devices and astrophysical
plasmas, namely energy resolved three-dimensional time-averaged measurements, with
Eulerian time-resolved measurements, which are often the only accessible measurements in

such systems.

Keywords: TORPEX, turbulence, blobs, suprathermal ions

1. Introduction

Laboratory and astrophysical plasmas are characterized by the
presence of particles with energies greater than the quasi-Max-
wellian background species. Their interaction with turbulent
structures can influence a wide range of plasma phenomena.
Reaching controlled nuclear fusion conditions in a magnetic
confinement reactor requires understanding and controlling, in
plasmas with typical temperatures of the order of 20-30 keV,
the transport of « particles, born from fusion reactions at 3.5
MeV, and of energetic ions directly injected by neutral beams
and/or generated by ion cyclotron resonance heating (ICRH)
and current drive (CD) [1-3]). In astrophysical and space
plasmas, energetic particles can be generated by coherent or
turbulent acceleration mechanisms or by shocks ([4, 5]). Their

0741-3335/16/014023+10$33.00

transport properties determine, for example, the intensity of
solar energetic particles, which is of great concern for space
weather. Common to all of these systems is the question of
how plasma turbulence influences suprathermal particles.

During the last two decades, a growing number of experi-
mental data and theoretical findings [6, 7] point towards a failure
of classical Brownian diffusive transport to adequately describe
the dynamics of energetic particles. The so-called non-diffu-
sive transport has gained growing attention in many fields,
including laboratory plasma physics, fusion devices [8] and
space and astrophysical plasmas [9]. In the case of non-diffu-
sive transport, the mean-square displacement of an ensemble
of particles grows nonlinearly in time

(AX?) o< t7 )
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Figure 1. Experimental setup for suprathermal ion studies: view of the TORPEX vessel with magnetic field line, suprathermal ion source
and detection system. Also shown are computed examples of simulated suprathermal ion trajectories with an initial energy of 30eV.
Gyromotion and the irregular spreading of the ion beam due to the interaction with the plasma turbulence is apparent. Simulated snapshots

of the plasma potential are displayed at two toroidal positions.

where v=1 and <> indicates ensemble-averaging. In par-
ticular, when > 1 we have superdiffusion, and when v < 1
we have subdiffusion. The special case of classical diffusion
corresponds to v = 1. In equation (1), the nonlinear growth
of the mean-square displacements can be linked to the pres-
ence of non-Markovian, long memory properties in time, and/
or to nonlocal, (non-Gaussian) long range correlation proper-
ties in space [9, 10]. In space plasmas, experimental evidence
of superdiffusion of energetic particles was obtained at inter-
planetary shocks [11] and during solar flares [12]. Although in
tokamaks, energetic particles modes, such as fishbones [13],
have been observed to cause convective transport of suprath-
ermal ions, recent experiments point towards a non-diffusive
suprathermal ion transport associated with micro-turbulence
[8]. Basic laboratory devices [6, 7, 14] also suggest that the
transport of suprathermal ions is generally non-diffusive.

We present recent advances in the TORPEX device [15,
16] in the understanding of non-diffusive radial transport of
suprathermal ions resulting from the interaction with intermit-
tent blobs. These are field-aligned isolated structures, where
density and temperature are increased with respect to the sur-
rounding plasma, similar to those observed at the edge and
scrape-off layers of tokamaks and reversed-field pinches [17]
and in the Earth ionosphere [18]. In TORPEX, blobs originate
from ideal interchange waves and propagate radially outward
due to VB and curvature induced drifts. Direct measurements
of suprathermal ion transport are limited by the harsh plasma
environment in fusion-grade devices and by the difficulty to
perform measurements in distant astrophysical plasmas. In
addition, detailed knowledge of the turbulence characteris-
tics and of the background plasmas, necessary to realistically
model the transport of suprathermal ions, have been achieved
in the past years on TORPEX, which allows for easy diagnostic
access and fully modelled plasma scenarios.

Insection2,the TORPEX device and the experimental setup
are presented, with focus on the suprathermal ion source and
detectors. In section 3, three-dimensional (3D) time-averaged
measurements of suprathermal ion beam are discussed.
Evidence for two transport regimes, namely subdiffusive
and superdiffusive regime, is presented. In section 4, we
introduce time-resolved measurements of the ion current

and discuss the statistical properties of their fluctuations.
A link between radially propagating blobs and the suprath-
ermal ion transport is made in section 5 by using a statis-
tical analysis based on the transfer entropy. Section 6 links
the time-resolved measurements with the 2D dynamics of
blobs in TORPEX plasmas and their effects on the suprath-
ermal ion beam. Finally, conclusions are summarized in sec-
tion 7, where the importance of the present results for fusion
plasmas as well as for astrophysical and space plasmas is
also discussed.

2. Experimental setup, plasma scenario
and suprathermal ion source and detectors

TORPEX is a toroidal device with a major radius R=1 m
and a minor radius @ = 0.2 m, in which plasmas of different
gases are produced and sustained by injecting microwaves
at 2.45 GHz in the electron cyclotron (EC) frequency range.
A schematic of the device with the main elements is shown in
figure 1. A flexible set of external and internal coils allows a
variety of magnetic configurations, ranging from simple mag-
netized torus (SMT) with open magnetic field lines to closed
field line configurations, and even more complex magnetic
geometries, such as X-points or magnetic snowflakes [19].
For the present experiments, SMT configurations are created
by combining a dominant toroidal magnetic field, B >~ 75 mT
with a much weaker vertical magnetic field B, ~2 mT,
resulting in a vertical magnetic field line return distance
A = 27R(B,/B;) =~ 18.8 cm. An example of open magnetic
field line is shown in violet in figure 1 on the left. A small
level of microwave power (=400 W) on the high field side of
the TORPEX device is used to produce and sustain hydrogen
plasmas. Typical electron temperature and density are
T,~ 1-6¢eV, n,~ 10"°-10'"°m 3 (see [ 14, 20, 21] for the radial
profiles of the relevant plasma parameters), while the ions
are cold 7; < 1eV. As revealed by comprehensive experi-
mental investigations [22-31] and 3D global fluid simulations
[32-34], these plasmas are characterized by the presence of an
ideal interchange mode, localized around the region of max-
imum pressure gradient (with a perpendicular wave number
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ka~35rad-m~!, and a wave number parallel to the magnetic
field, k== 0). This ideal interchange mode is driven by the
magnetic curvature and the pressure gradient and intermit-
tently generates field-aligned blobs, which propagate radially
outward resulting in intermittent transport of particles, heat,
and momentum [35, 36] and exhibit universal statistical prop-
erties [37, 38] similar to those observed in tokamaks. In these
fully characterized plasmas, suprathermal lithium 6" ions are
injected in the blob region using a miniaturized ion source
and detected using gridded energy analyzers (GEA), which
were specifically developed for these experiments. These are
described in details below.

A dedicated miniaturized Li6" ion source (figure 1(a)) was
developed in collaboration with the University of California at
Irvine, based on the design of the orignal source used to per-
form similar experiments on LAPD [39]. The source consists
of a Li-doped thermionic aluminum-silicate emitter producing
Li6" ion currents up to 10 uA [40]. The emitter is encased
into a vacuum and plasma safe boron nitride casing, which
includes a two-grid system to accelerate the ions. A screen
grid is grounded to minimize perturbations, while the voltage
between the emitter and the accelerating grid is modulated.
The accelerating grid is powered by a high voltage DC-power
supply. Li6™ ions with energies in the range 20 eV—-1 keV can
be produced. The suprathermal ion source is mounted on a
moving system, as shown in figure 1(a), and can be positioned
at different locations over a toroidal distance of about 2 m in
between discharges.

Ion energy and current density profiles are measured
using two identical GEAs, figure 1(b), which face opposite
directions for background noise subtraction. Each detector
has small dimensions relative to the plasma size (15mm in
diameter, 70 mm in length and in inlet diameter of § mm), and
is able to measure fast ion currents as small as 0.1 uA. The
GEA detector is installed on a 2D (radial-poloidal movement)
positioning system as shown in figure 1(b), which allows
reconstructing the ion current density profile with a spatial
resolution of 2mm over almost the entire poloidal cross sec-
tion by adapting the distance between measurements points to
the profile shape.

This ion source and GEAs setup allow measurements of
the 3D properties of the suprathermal ion beam as it inter-
acts with blobs. For the present measurements, two detection
schemes can be used: (1) synchronous detection by modu-
lating the emitter bias voltage at a given frequency (~1kHz)
to improve the signal-to-noise ratio [41], which allows meas-
uring time-averaged profiles (section 3); (2) time-resolved
measurements allowing for the evaluation of the statis-
tical properties of the suprathermal ion current fluctuations
(sections 4 and 5) and the temporal dynamics of the suprath-
ermal ion beam (section 6) .

3. Super- and sub-diffusive regimes
for suprathermal ion transport

This section reviews the experimental measurements of time-
averaged, 3D spatial profiles of suprathermal ions obtained

on TORPEX in the past few years [14, 20, 21]. An unprece-
dented combination of experiments, first-principles numerical
simulations using the GBS fluid code [34], and theory under-
standing allowed the identification of two transport regimes
for the suprathermal ions, namely subdiffusive and superdif-
fusive regimes. This provides the background for the time-
resolved measurements of the following sections.

The experiments are performed by injecting suprathermal
ions in the toroidal direction at two different energies, 30eV
and 70eV, in the scenario described in section 2. The Larmor
radius for 70eV and 30eV ions is ~0.8cm and ~0.5cm,
respectively. The ion source is positioned at x = 1.5 and
y = —4.3cm in the blob region, where the electron tempera-
ture is ~1.3 eV. Time-averaged poloidal profiles of the suprath-
ermal ion current at different toroidal locations are shown in
figure 2 for two different energies, E = 70eV ((a), (b)) and
E =30eV ((c), (d)). The spreading of the suprathermal ion
beam is quantified by the radial variance of the 2D poloidal
profile as a function of the toroidal distance in figure 2(e). In
the absence of a plasma, the ion motion in the SMT configu-
ration results from the combination of gyromotion and VB
and curvature-associated vertical drift of the gyrocenters.
This latter is clearly evident in the profiles in figures 2(a)—(d),
where the oscillations of the beam witdh in figure 2(e) result
from the gyromotion of the ions, which are injected with a
small spreading in their Larmor radii. Figure 2 shows that,
on top of the unperturbed motion observed in the absence of
a plasma, a broadening due to the interaction with the plasma
turbulence is present, together with a convective transport
associated with the background E x B velocity field. This
latter results in a vertical displacement of the suprathermal
ion beam and not in radial transport. The beam spreading is
different for the two suprathermal ion energies. While close
to the ion source, the two profiles have similar radial widths,
as the distance from the source is increased, the broadening
of the 30eV beam is larger than that of the 70eV ions. This
suggests that different turbulent transport regimes may be at
play for the two ion energies. We note that collisions between
suprathermal Li ions and neutral hydrogen can be neglected,
in the present experiments. For a neutral gas pressure of
5 x 107> mbar, the collision frequency for collisions between
suprathermal Li ions and neutral hydrogen is approximately
6.2kHz, which results in a mean free path between collisions
of ~8 m. This is much longer than the distance travelled by the
suprathermal ions between the source and the detection point,
resulting in a negligible contribution of ion-neutral collisions
to the suprathermal ion transport.

Although 3D suprathermal ion beam profiles are directly
measured in TORPEX, this is not sufficient to identify the
transport regime, which requires evaluating the radial trans-
port exponent, 7. This must be computed using equation (1)
from the temporal dependence of the variance of the displace-
ments of the suprathermal ions, which is clearly not acces-
sible from the experimental data of figure 2. Here, we use
numerical simulations [42, 43] reproducing the experimental
measurements and compute directly 7. A large number of
tracers (1.6 x 10%), mimicking the source experimental setup,
are injected in global fluid turbulent simulations that were
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Figure 2. On the left: poloidal profiles of suprathermal ion current at different toroidal distances ((a), (b)) for 70eV and ((c), (d)) 30eV
ions. (e) Dependence upon the radial distance from the source of the radial width of the suprathermal ion current profiles. Blue dots and red
squares represent the experimental measurements for the 70eV and and 30eV ions respectively. The continuous bands are obtained from
numerical simulations of the using a synthetic diagnostics. The shaded grey area approximately identifies the region where 30eV and 70eV
ions are superdiffusive and subdiffusive, respectively. (f) Variance of the radial positions of the suprathermal ions as a function of time
from the numerical simulations in (e). Power-law fits in the different phases, shown by the dashed lines, provide the values of the transport

exponent 7.

previously validated against experimental data. The tracer tra-
jectories are computed using the Newton equation of motion.
The results of the simulations are compared with the experi-
mental measurements with the help of a synthetic diagnostic
reproducing the suprathermal ion current profile measured
with the detectors. This procedure is illustrated in figure 2(e),
which shows two simulations reproducing within experi-
mental uncertainties the present experiments.

Using these simulation results, the temporal evolution of
or%? is readily accessible, as shown in figure 2(f). This allows
computing the value of the radial transport exponent, v, by fit-
ting its temporal evolution to power laws in different phases.
For the two ion energies, we note that at first the transport
is ballistic (0’%3(1‘) o t?), which corresponds to a phase during
which the ions have not yet interacted with the plasma and
are not yet magnetized. The ions enter a second spreading
phase (corresponding approximately to the shaded area in
figure 2(e)) as they start to interact with the plasma turbulence,
where different transport regimes are observed, depending
on the energy of the ions. In this second phase, the 30eV
ions experience a superdiffusive transport corresponding to
Yz~ 1.2 while the transport of the 70eV ions is subdiffusive
with 9,/ 0.51. A numerical study shows that in this interac-
tion phase the transport can vary from a subdiffusive to super-
diffusive regime depending on two parameters that determine
the relative sizes of the ion orbits and the turbulent structures:
the injection energy normalized to the electron tempera-
ture, E/T,, and the normalized fluctuations amplitude, qu/T6.

The late evolution of the ions is also different for the two
energies: while the 30eV ions experience a quasi-diffusive
transport (7, ~ 0.92), the most energetic ions remain subdif-
fusive. This third phase starts from a distance from the source
of approximately 1 m, or, in time, about six gyroperiods in
figure 2(f), and appears when the size of the beam is suffi-
ciently large that the ions sample region of the plasma with
different fluctuation amplitude.

4, Time-resolved measurements and statistical
properties of suprathermal ion fluctuations

In this section, we perform time-resolved measurements of
the suprathermal ion current in the poloidal cross section at
a distance d =41.2cm from the source, where different
transport regimes are observed for the two ion energies. For
these measurements, the lock-in system used for synchronous
detection section 2 is bypassed, thus allowing the GEAs to
directly acquire the time evolution of the suprathermal ion
current [44]. To discriminate between background noise and
suprathermal ion current fluctuations, the source is modulated
at ~30 Hz.

Two examples of ion current time-traces are shown in
figures 3(a) and (b) for energies of 30eV and 70eV, respectively.
The position of the measurements in the poloidal plane is indi-
cated by a cross in figures 3(c) and (d). The ON-phase and
OFF-phase of the ion source are shown in red and blue respec-
tively. We note that, during the ON-phase, the time trace for
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Figure 3. ((a), (b)) Ion Current density traces measured by the GEA at the location indicated by the black cross and 42.1 cm away from
the source. The ion source is turned ON (red) and OFF (blue) at 30 Hz frequency to discriminate the background noise. The insets show
the PDFs of the ion current fluctuations. Poloidal profiles of ((c), (d)) time-averaged suprathermal ion current density in A m~2, ((e), (f))

skewness and ((g), (h)) kurtosis of the ion current density fluctuations

the 30eV ions, experiencing superdiffusive transport, exhibits
a high level of intermittency, characterized by the presence of
large bursts of positive amplitude. Conversely, for the 70eV
ions, which are in the subdiffusive regime, the current time
trace is not strongly intermittent and does not show large
amplitude fluctuations. To characterize the intermittency of
the time traces, we compute the skewness S and kurtosis K
of their probability distribution functions (PDFs). The skew-
ness is the normalized third order moment of the PDF and
measures its asymmetry. The kurtosis is the normalized fourth
order moment of the PDF and is a measure of the heaviness of
the PDF tails. The PDFs for the ion current traces are shown
in the insets in figures 3(a) and (b). The PDF for the 30eV
ions is positively skewed, as demonstrated by the asymmetry
towards large amplitude bursty events, while the PDF for the
70eV ions is almost Gaussian.

Figures 3(a)—(g) displays 2D poloidal profiles of the PDF
moments of the suprathermal ions current density for the two
energies. The OFF-periods are used to compute the position-
dependent background values of the mean (offset), skewness
and kurtosis, which are then removed from the values com-
puted during the ON-phase. Although the time-averaged pro-
files for the two energies (figures 3(c) and (d)) are relatively
similar, when the profiles of the skewness and kurtosis are
reconstructed a clear difference appears. The skewness and
kurtosis profiles for the 70eV ion beam are flat, while the
profiles for the 30eV ions reveal a region of high skewness
and high kurtosis around the peak of maximum time-averaged
current. This implies that, in the peripheral regions of the
30eV profile, where the time traces have a low time-averaged
current compared to the center of the profile, the intermit-
tency is more important. These observations provide evidence
for a clear difference in the statistical properties of suprath-
ermal ion current fluctuations, for ions experiencing different
transport regimes. At the same time, the strong intermittence
observed in the superdiffusive regimes is reminiscent of the

intermittence associated with the generation/propagation of
blobs in the scenarios under investigations and suggests that
superdiffusion may be linked to the interaction of suprath-
ermal ions with blobs.

5. Entropy transfer between ion-saturation current
signals and suprathermal ion current

To investigate the relation between the suprathermal ion trans-
port and the background plasma turbulence, we use a method
for causality detection, that was originally developed in the
field of information theory [45], based on the transfer entropy.
This method has been recently applied in plasma physics to
detect causality links between turbulent fluxes and zonal flows
[46] and is briefly reviewed below.

Consider two discretely sampled, stationary time series
data x; and y;, generated by two processes X and Y. A measure
of the transfer of information between X and Y is given by the
transfer entropy

P16y p(s?)

Py Y PO, x5)

k !
x; )’y;)

Ty—x =Y p(ni1s ) log, )

where p is a joint probability distribution function, the
k) _

sum runs over its arguments, and x,,

y;l) = (ynfﬂ[,...,y‘gl) indicate a set of k, [ data values pre-
ceding or coinciding with the time associated with the time
index n. These values are identified by the multi-indices
a = (o, aa,...,a) and G = (B4, B2, ..., Or). If Y has no influ-
ence on the future evolution of the variable X, i.e. it is not
causally linked to it, then Ty, x = 0. Note that the evaluation
of equation (2) is performed by discrete binning the PDFs
with m bins in each dimension, such that it requires the com-
putation of four multi-dimensional PDFs, which is numeri-
cally demanding and time consuming. For this reason, usually

(Xn—ayps s Xa,) and
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Figure 4. ((a), (b)) For the two ion energies, transfer entropy computed using equation (2) between the HEXTIP tipat X =0 and ¥ = 12cm
and the GEA signals recorded at the positions indicated by the crosses (same colors) in ((c), (d)). For the same signals providing the blue
curve, the red curve shows the reverse transfer entropy, indicating that the causality link is negligible in the backward direction. ((c), (d))
Poloidal profiles of the mean Entropy Transfer <7> (averaged over the entire suprathermal ion beam signals) indicating the position of the

maximum forward interaction.

the choice [ = k = 1 is made together with coarse-graining of
the PDFs, corresponding to m = 3.

With the main objective to analyze the interaction between
blobs and suprathermal ions, we compute the transfer entropy
in equation (2) using ion saturation current time series from
the HEXTIP array of Langmuir probes (see below) and the
time-resolved measurements of the suprathermal ion current
discussed in section 3. The HEXagonal turbulence imaging
probe (HEXTIP) is an array of 85 LPs at one toroidal location
covering the entire poloidal cross section with a spatial reso-
lution of 3.5cm. HEXTIP allows characterizing fluctuations
and turbulent structures in terms of wavelength, coherence
lengths, frequency, speed and statistical properties, in a single
plasma discharge ([47]) and constitutes the workhorse for a
high temporal resolution (250kHz) real space imaging of the
ion saturation current and floating potential dynamical evolu-
tion. For the following analysis only I, signals are consid-
ered and this will allow in the next section to link the transfer
entropy analysis with 2D blob dynamics.

In figures 4(a) and (b), we show the transfer entropy
TuexTip — GeEa between the I signal from the HEXTIP tip,
located at X =0 and Y = 12cm and three suprathermal ion
current signals from the GEA location indicated by crosses in
the insets in figures 4(a) and (b) for the 30eV and 70eV case.
TuexTIP — GEA 18 as a function of the parameters o = 3, which
corresponds to time indices (A7 = 4 us). In the same figure, as
an example, we also show in red one reversed transfer entropy
Toea —uexTIP, fOr one single GEA tip. This is much smaller
than the corresponding forward transfer entropy (in blue in
figures 4(a) and (b)) and reveals a causal relation between the

ion saturation turbulent fluctuations and not viceversa, con-
firming the tracer character of the injected ions. For the 30eV
case in figure 4(a), the causality relation is clearly revealed by
the large value of the Transfer entropy, which peaks around
20 ps (corresponding to o = 3 = 4). Signals corresponding to
GEA positions further from the suprathermal ion beam center
display a smaller level of causality dependence, which also
peaks at later time. We should also note that the transfer
entropy is much larger in the case of the 30eV ions than for the
70eV case. This indicates that the plasma turbulence, quanti-
fied here by I, fluctuations, and therefore radially propagating
blobs are interacting more strongly with the 30eV beam than
the 70eV beam. This explains the observed difference in the
statistical properties of of the suprathermal ion current fluc-
tuations discussed in section 4.

The full spatial coverage of the HEXTIP array allows identi-
fying the region of the plasma that is more strongly interacting
with the suprathermal ion beam. For this, we compute the max-
imum transfer entropy TuexTip,j — GEA,; between the HEXTIP
tip j (we choose the tip that interacts the most strongly) and
GEA at the position indicated by i. Figures 4(c) and (d) presents
the poloidal distribution of 7 for both energies, clearly revealing
that most of the interaction happens for the 30eV case with
turbulence that is localized (within experimental uncertainties)
at approximately the same position of the beam. In the lower
half of the poloidal cross section figure 4(c), a second max-
imum of 7 is clearly visible, which is due to the field aligned
nature of the turbulent blobs in this scenario and the fact that
the magnetic field lines perform approximately two toroidal
turns before reaching the vessel walls.
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Figure 5. Conditionally averaged dynamics of the suprathermal ion current density (A m~2) for the two energies. Dashed gray contours
represent time avergaed profiles and the green lines represent the CAS blob I, iso-contours. The center of mass positions of the beam at

different times is indicated by the blue cross.

6. Time-resolved conditionally sampled spatial
dynamics of suprathermal ion transport

The interaction between blobs and suprathermal ions is fur-
ther investigated using a conditional averaging sampling
(CAS) technique that allows accessing the time-resolved
dynamics of the suprathermal ion beam. The CAS technique
is described in details in [48]. Using an ion saturation I, ref-
erence signal from a HEXTIP probe, we detect events defined
as bursts in Iy These bursts are characterized by Iy > 30,
where I is the ion saturation current fluctuations, and o is
the standard deviation of the ion saturation current signal.
The suprathermal ion current is averaged in a time window
centered around each event. This procedure is applied to the
phases with and without suprathermal ions. The difference
between the two CAS shows the dynamics of the suprathermal
ion beam when an event is detected on a given probe tip of
HEXTTIP. We note that since HEXTIP provides a full coverage
of the poloidal cross section, the CAS technique applied with
the same reference probe provides the spatio-temporal evolu-
tion of propagating blobs, which are responsible for the inter-
mittency of the HEXTIP signals.

The results of the CAS technique are summarized in
figure 5, which shows the time evolution of the conditionally-
averaged suprathermal ion current profile for the two energies.
The reference probe is located at X =0 and Y= 12.2cm
and corresponds to the probe that has a maximum entropy
transfer as shown in figure 4(c). Due to the helical magnetic
configuration, blobs detected on this tip are aligned with a
magnetic field line that is located at X =0 and ¥ = —0.5cm
at the toroidal location of the detector, which is close to the

maximum of the time-averaged profiles. This is displayed by
the dashed gray lines and its maximum is indicated by the
gray cross. The CAS analysis is performed from 64 us before
to 64 us after the detection of the blob. This time interval cor-
responds approximately to the autocorrelation time of floating
potential fluctuations in the blob region and of I, fluctuations.
In the same figure, we show the dynamics of the CAS blob
using a density iso-contour (green line). We note that the blob
dynamics is almost exactly identical for the two suprathermal
ion energies, since the ions are injected in similar plasmas.
This confirms that they can be considered as tracers (i.e. they
do not back react on the plasma itself).

For the 30eV case (top row in figure 5), the beam is first
displaced to the top-left with respect to its time-averaged pro-
file (gray contours) ((a), (b)). Then, when the blob crosses the
probe ((c)—(e)), the displacement changes from left to right.
At later times ((g)—(1)), the beam is displaced to the bottom right
of its averaged position. The time scale of the beam displace-
ment is comparable to the duration of the intermittent bursts
shown in figure 3(a). Figure 5 at the bottow row shows that as
the same CAS blob crosses the 70eV ion beam, the displace-
ment of the beam is extremely small compared to that of the
30eV beam. This indicates that the background intermittent
turbulence has very little effect on the 70eV suprathermal ion
beam, which is consistent with a small value of the transfer
entropy, as found in the previous section.

The mechanisms perturbing the trajectories of suprath-
ermal ions is illustrated in figure 6(a), which shows the effect
of blobs at different positions in the poloidal plane. We use
as reference probe HEXTIP tips at different vertical posi-
tions between the radial position 0 cm < X< 1.7 cm. From the
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Figure 6. Left: Horizontal (top row) and vertical (bottom row) displacement of the suprathermal ion beam due to large blobs. On all
panels, the x-axis represents the time relative to the detection of the blob on the reference probe and the y-axis represents the vertical
position of the reference probe. The crosses and the circles indicate the positions of the beam center, when it reaches the detector, and of
the source, respectively, projected along the helical magnetic field lines on the poloidal plane of the reference probes. Right: maximum
displacement (blue) and displacement at 7 = O of the ion beam for the 30eV (continuous lines) and 70eV (dashed lines) case as a function
of the blob amplitude. This latter is measured in units of standard deviation. Error bars of the beam position measurements are 1 mm.
These are computed by modeling the measurement with a finite size detector on analytic profiles (2D Gaussians with the same size than
the experimental profiles) using a constant resolution of 0.4 cm and a normally distributed error on the detector position (with a standard
deviation of 2mm). The beam position is then computed using the same method used on the experimental profiles and compared the results

with the prescribed position.

CAS, we compute the horizontal and vertical displacement
of the beam center of mass as a function of time. These are
shown in figure 6(a) for 30eV and 70eV ions due to large
blobs, i.e. I > 40. The circles represent the position of the
suprathermal ion source projected along the helical magnetic
field lines on the poloidal plane of the reference probes. The
crosses represent the position of the beam center, when it
reaches the detector, projected onto the same plane. Thus, the
vertical distance between the circles and the crosses show the
vertical distance traveled by the ions between their emission
and their detection due to the vertical drift. We observe that
30eV ions are systematically more significantly displaced by
the blobs than 70eV ions and also that, depending on its posi-
tion relevant to that of the blob, the beam can be displaced
inwards or outwards. The beams are not displaced when a blob
transits far away (for probes located at Y ~ 0 cm). We observe
that blobs passing above the beam tend to move it outwards
and that blobs passing below it tend to move it inwards. The
plasma potential associated with blobs in TORPEX has been
identified with a bipolar structure that results from the VB and
curvature-induced charge separation inside them [27]. The
observed suprathermal ion beam displacement is consistent
with the bipolar potential structure, taking into account that
in the present plasma conditions the blob motion can have a
strong vertical component.

To investigate the link between the blob amplitude and the
displacement of the suprathermal ion beam for the 30eV case,
we perform the conditional sampling analysis over five dif-
ferent classes of blob amplitudes defined by the conditions
2 +j/2)0 <Lt < (2.5 + j/2)o with j = 0, 1, 2, ..., 5. For each
class, the temporal blob dynamics is similar to that in figure 5.
Figure 6 shows the dependence upon the blob amplitude of

maximum displacement (blue) and displacement at the time
of the blob detection. While for the 70eV case the blob effect
on the suprathermal ion beam is small, in the 30eV case
we note that larger amplitude blobs give rise to larger beam
displacements.

7. Summary and discussion

In summary, thanks to unprecedented time-resolved measure-
ments, we show that suprathermal ions in TORPEX plasmas
experiencing superdiffusive transport are associated with
bursty displacement events resulting in highly intermittent time
traces. Suprathermal ions experiencing subdiffusive transport
do not display such intermittency. The intermittency of the
time traces is quantified by the skewness and kurtosis of their
fluctuations. For superdiffusive ions, the skewness and kur-
tosis poloidal profiles reveal a ring-shaped region around the
peak of maximum current, where the fluctuations are the most
intermittent. Using measurements, we prove that the inter-
mittency in the superdiffusive ion case is due to their higher
sensitivity to intermittent blobs, which move the ions through
their electrical field either inwards or outwards depending
on their relative location. Larger blobs have a greater effect
than smaller blobs. From the single particle point of view, as
discussed in [6, 7, 14], the transport regime in TORPEX is
ultimately linked to the effect of gyro-averaging and/or drift-
averaging. In the first case, when the size of the ion orbits
become comparable to characteristic dimensions of the turbu-
lent structures, the suprathermal ions effectively average the
turbulent electric field during their gyromotion thus reducing
the radial transport. Gyro-averaging is also expected to be
at play in fusion devices. In these latter, turbulent transport
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of suprathermal ions confined in the core plasma is due to
broad-band turbulence and not directly linked to the presence
of blobs, which are observed at the edge and in the scrape-off
layer region. While in TORPEX the relevant size for gyro-
averaging is determined by the blob size, in fusion devices for
core-confined suprathermal ions, the transport regime is likely
to depend upon the size of the turbulent structures generated
by broad-band turbulence.

Our work links observations usually unaccessible in fusion
devices and astrophysical plasmas, namely energy-resolved
three-dimensional time-averaged measurements, with Eulerian
time-resolved measurements, which are often the only acces-
sible measurements in such experiments. The presence of
large fluctuations in the time traces of superdiffusive ions cor-
roborates our previous theoretical studies, which show that
heavy-tailed Lévy statistics govern this regime [14, 49].
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