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Abstract

Measurements of fluctuating floating potentials and ion satura-
tion currents at different radial locations in the Santander Lin-
ear Plasma Machine [Castellanos ef al., Plasma Phys. Con-
trol. Fusion 47, 2067 (2005)] and at the edge of the W7-AS
stellarator by means of radially movable Langmuir probes allow
to infer the corresponding fluctuation-induced radial flux tempo-
ral series. Avalanche-like transport events are identified in the
time series and statistically characterized in terms of avalanche
size/duration/quiet-time distributions and size-duration scaling re-
lations. Transport is diffusive in the inner and intermediate radial
region of the SLPM r < r = 2.6 cm, undergoing a transitionsat
rir, becoming non-diffusive in the outermost region of the device,
r > ry. The results obtained at the edge of the W7-AS stellara-
tor are similar to those found in SLPM for r > ry, i.e., consistent
with what would be expected for scale-free, self-similar plasma
transport dynamics near a critical state.

I. Introduction ~

The subject of anomalous transport in fusion plasmas has been
extensively studied in order to control and enhance the quality of
particle and energy confinement in the corresponding fusion de-
vices. After more than 50 years, themature of this kind of trans-
port remains still not fully understood and is an area of active
research. First, a purely diffusive model was proposed leading
to gyro-Bohm scaling[1], butilater studies'and commonplace ex-
perimental observations confirmed that transport coefficients can
vary in a mixed way between gyro-Bohm and Bohm scaling[2, 3].
Most of these studies.were performed in confining devices such
as tokamaks and stellarators where hot, fully-ionized plasmas are
generated, and experimental evidence points to intermittency in
the form of avalanches or, bursts of activity as an explanation for
the transport dynamics[4s 5, 6]. Since temperatures in the core of
these plasmas ate typically of the order of several keVs, there is an
inherent impossibility.ifi performing experimental measurements
in their,innermost regions with some measuring device made of
any material,

The experimental determination of fluctuation-induced radial
fluxes has been traditionally carried out by means of Langmuir
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probes, so measurements‘at the edge/plasma column of these de-
vices are the only allowed..«Apart from Langmuir probes, the
heavy ion beam probe diagnostic allows studies of particle fluxes
in core plasmas at tokamaks[74 8] and stellarators[9]. Character-
istic plasma radial locations such as the separatrix (boundary be-
tween closeddand open field lines), last closed magnetic surface
(LCMS), the.shear layer (reversal in the phase velocity of fluctua-
tions), et¢, determine natural points of reference for these studies,
providing convenient)ways to compare the features of fluctuating
quantities inndifferent magnetic confinement devices. The general
conclusions, may,exhibit in certain regimes non-diffusive features
such as long-term memory, non-local transport or self-similarity
in the dynamical space-time domain known as mesoscale. Con-
versely, analogous studies for plasmas generated in linear or
purely toroidal (rotational-transform-less) devices show different
resultsy usually of a more diffusive-like nature[10, 11, 12, 13].
The diffusive character of transport dynamics found in these de-
vices must be classified in the same category as that found in
previous works in the context of diffusive sandpiles[14, 15, 16]
or in numerical simulations of drift-wave turbulence in fusion
plasmas[17, 18]. In those processes, a coexistence and interplay
takes place between (at least) two different transport channels, one
of them being diffusive (that can be due to various sources such as
classical and neoclassical channels or supercritical turbulence, for
instance), always active, the other being inherently intermittent in
nature and associated to near-marginal turbulence. The basic dy-
namics usually present a strong dependence on the strength of the
subdominant diffusive transport channel relative to the avalanche-
like, transport channel.

In this work, we focus instead on the identification and char-
acterization of flux burst events, or avalanches, in a linear plasma
inside a non-confining device (SLPM[19, 13]) and in a toroidal
plasma inside a confining device (W7-AS stellarator[20, 21]).
Fluxes are obtained by means of Langmuir probes inserted in
the plasma. Single avalanches are then identified by choos-
ing an appropriate threshold. Then, the statistical properties of
avalanche-like events derived from the flux time series are ana-
lyzed: avalanche sizes, avalanche durations and inter-avalanche
quiet times. Avalanching processes in real plasmas have been
postulated as a possible explanation for the observation of non-
diffusive propagation (i.e., superdiffusion) and the physical pic-
ture goes as follows, assuming the profiles are marginally stable
(i.e., very close to unstable): any small perturbation can trigger
an avalanching process in which nearby locations are successively
destabilized, thus propagating the initial perturbation very quickly
(at least, much faster than simple diffusion). Whenever these con-
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ditions hold, transport dynamics should be expected to lack any
characteristic length or time scale, since the radial extent of any
avalanche is only limited by the size of the device. Furthermore,
after the event of an avalanche, the profiles suffer the correspond-
ing erosion, which would condition future transport events, pro-
viding the system a way to store long-term memory, at least for
time scales much longer than the turbulence decorrelation time.

The results found for the dynamics of transport in SLPM, when
studied from the perspective of event burst sampling, point, in gen-
eral, to a rather diffusive behaviour for timescales well above the
turbulence decorrelation time, except at the outermost radial loca-
tions in the plasma column (see below). The dynamics in W7-AS
(at the single radial location where experimental data is available),
is markedly non-diffusive (i.e., long-term memory effects, non-
local transport, self-similarity over a broad range in the space-time
domain, etc) as stated above, consistent with previous work on
this[23, 22] and other magnetically confined hot plasmas[24, 25].
The results presented in this work do not exclude the possibility of
finding non-diffusive features at the central region of linear plas-
mas, since all results reported in this work are only valid for the op-
erating regimes where the present measurements were performed.

The paper is organized as follows. In Sec. II., the experimental
arrangements are described, and the main plasma parameters are
given. The methodology for the characterization of plasma trans-
port dynamics via avalanche-like events sampling, as well as some
theoretical concepts related with complex dynamics such as self-
similarity, criticality, correlations and memory effects are given
in Sec. III.. Results coming from the statistical description of
avalanche-like events are presented in Sec. IV. for SLPM and in
Sec. V. for W7-AS. Finally, the discussion and conclusions are
presented in Sec. VI..

II. Experimental arrangements_, . and

plasma parameters

We analyzed avalanche-like events at different radial locations in-
side the plasma column generated in the SLPM, and at'the plasma
edge inside the stellarator W7-AS. The data were obtained by
means of Langmuir probe measurements.

N
A. Set up and parameters

1. SLPM

In Ref. [13], the radial electron fluxes,generated by the E x B tur-
bulent flow in a linear plasma machine were studied. The experi-
mental device is schematically/shown in Fig. 1(a). The plasma is
produced by launching longitudinally.electtomagnetic waves with
a frequency f = 2.45 GHz along the static magnetic field By by
means of a circular waveguide. The magnetic field is generated
by a set of six coils, water.cooled, concentric with the waveguide,
and arranged in Helmholtz configuration to make the axial mag-
netic field as homogeneous as possible. Each coil has a minor
radius of 125 mmymajor.radius of 180 mm, and width of 43 mm.
In order to reduce the reflected power on the microwave generator,
the glass vessel has a conical tip facing the microwave genera-
tor. The power given by the generator (P mg) is in the range 0.6
kWie<c.Povic < 6 kW, operating the whole system in a continuous
regime. The source.of electromagnetic oscillations is a magnetron
and the power coming from the microwaves is sent to the polar-
izer, which is made up of a turnstile junction [26]. Therefore, we
are dealing \with an electromagnetic wave transformation in a lon-
gitudinally magnetized plasma waveguide (LMG plasma column).

Turnstile Junction Interferometer ~ Langmuir
(polarizator) (40 GHz) N probes Wagmiia
Z7 :l, field coils
kI b
1
|
yi \Yl
Microwave Cylindrical ~ Gastube Vacuum
generator waveguide system
(a)
Toroidal field coil | / Large corner coil

Modular coil (b)

Figure'l:. Scheme of (a) the SLPM and (b) the magnet system of
W-AS (Fig: taken from Ref. [22]).

The plasma is placed in a cylindrical glass vessel[19] with an in-
ternal diameter of 7 centimeters and 100 cm length (see Fig. 1),
which'in turn is located inside a circular waveguide 8 centimeters
in diameter.

All measurements were performed for Helium plasmas with a
magnetic field B = 0.12 T. The base pressure in the vacuum cham-
ber is in the 107 torr range. The mean electron density is deter-
mined by using a 40 GHz interferometer. An array of Langmuir
probes provides the local value of the electron density and float-
ing potential, as well as their fluctuations across the whole plasma
radial column. Table 1 shows typical plasma parameters.

Table 1: Typical plasma parameters and operating conditions in
SLPM and W7-AS.

Parameter SLPM W7-AS
Major radius (Ry) oo 2m
Minor radius (a) 0.03 m 0.13—-0.18 m
Magnetic field (By) 0.12T 1.25-25T
Electron temperature (7) ~20eV ~ 1keV
Electron density (n,) ~ 107 m~3 ~ 10" m3
Ion temperature (7;) ~0.05eV ~ 1.5keV
No. toroidal/axial coils 6 45410
Heating power ~5kW ~5 MW
Plasma volume ~0.03m? ~1m?

2. WT7-AS

W7-AS device was a flexible system composed of 45 modular
coils producing both toroidal and poloidal field components. It is
equivalent to 5 toroidally connected mirrors, each one composed
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of 2 planar and 9 non-planar coils[22]. The schematic of the coil
system for this device is illustrated in Fig. 1(b) and table 1 shows
typical plasma parameters.

In the case of W7-AS, data comes from a reciprocating Lang-
muir probe, with different pins distributed in the poloidal direc-
tion, half of them used to measure the ion saturation current fluc-
tuations and the other half to measure the floating potential fluctu-
ations. Since it is a reciprocating probe, it moves from the scrape-
off layer towards the inner region of the plasma, covering a dis-
tance of about 6 cm. All the details of the experiment can be
found in Ref. [27]. The data set corresponding to discharge 35427
was studied. Heating in that discharge was provided by 200 kW
of ECRH, leading to a larger electron temperature, 7, ~ 1 KeV,
than ion temperature, 7; ~ 0.4 KeV. The line integrated density
was i, ~ 3 x 10! m~3 and the magnetic field was By ~ 2.5 T.
The sampling rate for data acquisition was 0.5 MHz, and the total
number of data points per pin 800000. Since we are interested in a
fixed radial position, the subset corresponding to temporal entries
between 350001 and 550000 has been selected (i.e., 200000 us-
able points equivalent to 100 miliseconds), since for longer input
the probe can no longer be considered as stationary. The decor-
relation time of the fluctuations is, for this case, of the order of
several microseconds. Thus, we can analyze the behavior in both
the fluctuation range, r < 10 us, and the mesoscale range ¢ > 10

us.

B. Langmuir probes

The set of Langmuir probes consists of four tips of tungsten wire
(each of 0.5 mm in diameter and 2 mm long) working on triple
probe configuration since they are arranged in a square array of a
lateral length of 2 mm (see Fig. 2), allowing the estimation of :
1) ion saturation current, I, and 2) floating potential, ¢ along the
whole plasma radial column. One of the probes is in thesion sat-
uration regime, while two poloidally separated probes remain un-
biased in order to measure the floating potential. Therefore, radial
fluxes can be derived from the measures of Iy and'¢s. The location
of the Langmuir probes inside the plasma column can be fixed dur-
ing the discharge, being radially modified for different discharges
(SLPM) or can move radially during the discharge (W7-AS), en-
abling to analyse possible changes of plasma.ts ort properties
depending on radial location. Any measure can be digitized at
fSLPM — | MHz sampling frequency (SLPM), f¥7-AS'= 0.5 MHz
sampling frequency (W7-AS). Time, series last 200/miliseconds
for SLPM data and 100 miliseconds forrW7-AS data. Therefore,
temporal records are comprised of 2:x.10° peints for both. Fluc-
tuating quantities are indicated by a tilde ‘and are constructed by
subtracting the temporal average from the measured magnitude.
Therefore, fluctuations are defined as having zero time-averaged
value. The tip on the ion/saturation regime is biased at a fixed
voltage to estimate electron density fluctuations. The Langmuir
probe measures the ion-saturation cufrent, I, o< n+/T,, which is not
the same as the electron density. Therefore, fluxes inferred from
these measurements are not strictly equal to the particle flux, but
measurements of-temperature’ fluctuations at the plasma edge in
different confinement devices such as the TEXT and TJ-I toka-
maks, show that their relative phase is such that radial particle
fluxes calculated from ion saturation current and floating potential
is asgeod estimate of local particle fluxes[28, 29].

The E x'B fluctuation-induced radial particle flux is computed
as ['=iV,/= iikg /B = ii(¢, — ¢1)/(reB), where V, is the E x B
drift velocity of a charged particle in the presence of an elec-
tromagnetic field. The density fluctuations, 7i(r, 6,z), are esti-
mated through the measured values of the ion saturation current,

AUTHOR SUBMITTED MANUSCRIPT - PPCF-104498.R2

5 mm

Figure 2: (a) Array of Langmuir probes and (b) plasma cross sec-
tion and arrangement of Langmuir probes in the upper part of the

SLPM.
~

I, > n\/T,. Fluctdating poloidal electric fields, Eg, are estimated
through the measured values of the electrostatic potential plasma
fluctuations aftwo nearby positions, ¢;(r,0,¢) and ¢,(r,0 + €,1),
poloidally displaced. € radians. Here, O is the poloidal position of
the tip on the ionysaturation regime, r is the radial position where
the Langmuir probesyare located, € is the poloidal displacement
between the,two poloidally separated probes on the floating po-
tential regime. liinally, By is the axial magnetic field.

III. * Characterization of transport dy-

namics via avalanche-like events sam-
pling

Many works in the field of plasma turbulence are devoted to
the study of time series looking at them as single random pro-
cesses. Then, different features are discussed such as self-
similarity and memory, in trying to characterize the underlying
transport dynamics, but alternative approaches to look for evi-
dences of complex/non-trivial (diffusive/trivial) dynamics exists.
Focusing, for instance, on the instantaneous flux time series de-
rived from the measures by means of Langmuir probes, one real-
izes that it fluctuates rapidly in time, due to intrinsic background
gaussian fluctuations in the short time-scale. Furthermore, the
same would happen if we could arrange a multi-point measure-
ment setup from which instantaneous flux fluctuations could be
visualized as a function of the radial position: spatial fluctuations
would be apparent due to intrinsic background gaussian fluctu-
ations in the small space-scale. But in addition to these appar-
ently uncorrelated fluctuations, significant transport events (i.e.,
“avalanches”) are sometimes triggered in order to relax any insta-
bility generated in the plasma. If one of these big events passes by
the probe position, the corresponding measured flux will be signif-
icantly larger than the mean over the lapse of time the avalanche
is passing, typically much longer than fluctuation time scales. A
commonly used technique to detect these passings is the amplitude
thresholding that filters out the small gaussian fluctuations and al-
lows to identify these transport events easily. Methods to choose
the threshold commonly found in the literature[30, 23, 31] are to
consider that an event is passing whenever the intensity gets larger
than, say, 1) a small percentage (e.g., 10%) of the maximum, 2)
a few times the mean of the absolute value of the signal, 3) a few
times the standard deviation of the signal, etc. In fact, we checked
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that, for all the calculations in this work, results are quite insen-
sitive independently of the method, as long as the value of the
threshold is high enough.

The aim of our analysis is to quantify the statistics of distinct
properties of avalanche-like events associated to turbulence such
as their size, their duration and their inter-avalanche quiet times.
Figure 3(a) shows the time trace of the fluctuating E x B radial

8
~4
5
)
X
5
T -4
SLPM flux data
8 L ‘ ‘ ‘
138, 139 ---40__ 141 142 143
(@) , Time (ms).

, T
7 -

If)uration Quiét-time
Size

[<—

8
6 [ Threshold (I‘;) Out. avalanches
. L

-6 L In. avalanches
_8 L I I I I
138.5 138.6 138.7 138.8 138.9 139.0
(b) i
Time (ms)
2
1t
3
Zo
<
=
-1+
2 W7-AS flux data
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(© Time (s)

Figure 3: (a) Time trace of raw SLPM flux at{t,= 2.0 cm. (b)
Same trace as in (a), but only during a 0.5 milisecond interval
[shaded region in (a)], to better appreciate the details.. Dashed
lines stand for amplitude thresholds. Relevant definitions asso-
ciated with avalanches are sketched. In (c),.a tin;Q trace of raw
W7-AS flux is plotted.

flux at » = 2.0 cm measured in SLPM»for a lapse of time of 5
miliseconds. For each radial position, the.complete series lasts for
0.2 seconds (i.e., 200000 entries). An,Fig. 3(b)/the same signal
is zoomed in a time window of 0.5 miliseconds to better show the
abrupt fluctuations of the flux4round the background. In previ-
ous work[23], the signal usedsto beysmoothed in order to elimi-
nate local faster fluctuations, mixed with,avalanches crossing the
probe location. The signal was convoluted with m-point smooth-
ing windows, before being analyzed. However, in this work the
original signal is studied without smoothing (i.e., m = 0), since
smoothing does not greatly affect the results. Avalanches can be
considered, in general, as.the@volution (in time and space) of an
initial perturbation followed by successive relaxations that eventu-
ally cross the probe location. Thus, avalanche-like events should
be longer in time thandocal fluctuations. An illustration of the
mainseoncepts related to avalanches are depicted in Fig. 3(b). The
“duration™ of anvevent can be defined as the lapse of time during
which the signal remains above (below) the positive, I';", (nega-
tive, I';7)/threshold. The “size” of an event is defined as the area
enclosed between the signal and the threshold during that lapse of
time. The inter-avalanche “quiet-time” can be defined as the pe-

riod of time between two consecutive events. At this point it is
important to mention that avalanches are defined both outwards
(positive bursts) and inwards (negative bursts). By inspecting Fig.
3(b), it turns out that durations, sizes and quiet-times depend on 1)
the amplitude threshold and ii) the number of points in the smooth-
ing (not performed in this work). Finally, in Fig. 3(c), a fraction of
the electrostatic turbulent flux data measured indW7-AS is shown
for a time lapse of 5 miliseconds for comparison purposes.

A. Event size and duration: Self-similarity and criticality

Assuming that transport is dominated by avalanching processes,
different conclusions can be drawn from the analysis of the statis-
tics of the relevant quantities characterizing the transport events
such as avalanche durations add avalanche sizes. Self-similar
(or scale-invariant) dynamics require that the avalanching process
dominating transport lacks any characteristic scale. In such a case,
the statistics of the corresponding quantities exhibit power law
behaviour since mathematical functions remain invariant[32] for
certain rescaling factors of the independent variable. The math-
ematical archetype of scale-invariance is the power law function,
f(x) = x%, for any real o.

Furthermore, self-similar critical dynamics require that the
avalanching processes taking place in our system (and generating
particle transport) lack any characteristic scale, being only limited
by the system sizex, This translates into the divergence of the first-
order moment of the distribution, the mean, associated to any pos-
itive.definite:quantity such as avalanche sizes or avalanche dura-
tions. Forinstange, the probability density function (pdf) of both,
sizes (§) and durations (7') scale respectively as,

p(S) ~ S UFbs) 0 <bg< 1 (1a)
p(T) ~T~UFb1) 0 < by <1 (1b)
leading to the following mean sizes and durations,
Smax
(5)= [ s p(s) = il (2a)
@)= [ ar-7p(r) = T, @

that diverge respectively with the limits imposed by the system
size, Smax, and system duration, Tiax.

B. Inter-events quiet-times: Correlations and memory

Avalanche triggerings are, in general, not random but dictated by
memory manifested in the long-range temporal scale (i.e., tem-
poral scales much longer than the temporal decorrelation of the
turbulence). The way complex systems such as fusion plasmas
can store memory is, for instance, through the shape of their pro-
files which, by the way, remain rather insensitive to the effects
of the external drive[33]. Avalanches tend to be triggered around
those locations that are closest to some instability threshold since
they are the most likely to become unstable under the perturba-
tion of the external drive. In the same logic, avalanches will tend
to stop around those locations where the profiles are far enough
from that threshold, since now they cannot propagate further even
after the relaxation at neighbouring locations. Thus, the pdfs
of both avalanche triggering and stopping locations are strongly
influenced by the previous history of the system[34], being the
mechanism responsible for the implementation of memory in the
system in the long-range temporal scale.

Memory effects can be tracked from the conditional sampling
analysis by studying the statistics of inter-avalanche quiet-times.
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If one considers avalanches as a point process (i.e., an ordered
set of events, with zero duration, that are consecutively triggered
in time[35]), then, in the absence of any temporal correlation be-
tween triggerings, it becomes a Poisson process, whose quiet-time
statistics should follow an exponential pdf,

p(Q) ~ 15 'exp(—Q/ ), 3)

with 7p giving the average time between triggerings or average
quiet-time, and 7, ! being the average triggering rate. Poisson pro-
cesses lack any memory effects by definition.

When long-term, self-similar correlations between events are
present, the quiet-time pdfs would exhibit asymptotic power laws
given by[23],

p(Q)~0 UM 0<A < 1. (4)

As for the case of avalanche sizes and durations, where the lack
of spatial and temporal scales translated into the avalanches ex-
hibiting scale-free statistics as shown in Eqs. (la) and (1b), the
distribution of quiet-times given by Eq. (4) again ensures that no
mean quiet-time can be defined, except the fact that real systems
are always limited both in size and time.

IV. Statistics of avalanche-like events
from fluctuation-induced radial fluxes
in SLPM

In this section we report the results of an analysis of flux fluctua-
tions that aims at identifying avalanche-like processes in the plas=
mas generated in the SLPM. The analysis was performed by con-
sidering the statistics of distinct properties based on avalanche-like
events associated to turbulence such as avalanche sizes/durations
and quiet-times between avalanches.

As shown in the previous section, the number of experimen-
tal entries for the fluctuation-induced flux series is scarce and
not enough in order to construct well-defined avalanche size and
avalanche duration probability density functions, «Therefore, sur-
vival functions (sf) have been used instead of the more common
pdfs. The survival function is also known as com&lementary cu-
mulative distribution function[36],

p-(x)=Fx(x)=1-F(x)=Px> X), 3)

since it complements the information of the cumulative distribu-
tion function, Fx(x) = P(x < X) /Fromynow on, we will reserve
P> (x) for the survival function. The survivalfunction is often used
in health sciences since it gives the probability of an individual
surviving beyond time x. Itfis a non-ineréasing function with the
following properties: p~(0) =A and\ ps(ec) = 0. The survival
function is the integral of the probability density function,

_dp=(x)
dx

po() = [px(dfi px(v) = ®)
For specific cases were py(x) exhibit exponential or power law
behavior, the ‘corresponding survival function will behave in the
same way.

Local fluctuations are separated from avalanches by amplitude
thresholding asishown in Fig. 3(b). Avalanches are defined as
bursts or activity exceeding the corresponding threshold. Differ-
ent thresholding methods have been described in the literature to
do this separation of events[37, 30]. Alternative methods to iden-
tify avalanches without thresholding have also been described[38]
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for cases where the signal is weak and/or the ratio between the sig-
nal and the noise is low. In such cases, making use of thresholds
is inappropriate. Our measurements allow the use of thresholds
since the amplitude associated to local bursts is, in general, quite
large when compared to background level (i.e., signal to noise ra-
tio is reasonably high, see Fig. 3). In our calculations we used
different levels and found that setting upper (I5;7) and lower (')
thresholds at a specific percentage of the mean first n» = 10 max-
ima, {T™, i =1,...,n}, and minima, {T8 7= 1.2} of the
series, i.e., I}" = (10T /i and T (= (Y={20M™) /n, is a
good choice. There is a correspondence between choosing some
percentage of the mean first n positive-maxima/negative-minima
and choosing some other percentage of standard deviation of data.
This thresholds should be as high as possible in order to separate
better real avalanches from local faster events, but setting arbitrar-
ily high threshold values leadsito an unacceptable worsening of
statistics.

As stated above, in order to find out whether pdf tails follow ex-
ponential or power law behavio& (and to obtain the corresponding
exponents), it is not neededto construct the pdf. This information
can be obtained bysmeans of the/survival function. One just wants
to know whether the pdf has-an exponential/power law tail and to
estimate its exponent. Thescaling of exponential, p; (x), or power
law, p2(x), probability density functions entails identical scalings
for the corfesponding survival functions, p, (x) and p-, (x):

P1(x) ~exp(—x/x.) = p>, (x) ~exp(—x/x;),  (7a)
o) ~x D = po () ~x7, (7b)

given|the definitions in Eq. (6). Hence, if p(x) exhibits expo-
nential/power law behaviour at some x-interval, so does the corre-
sponding survival function p- (x).

Fora given avalanche, we calculate its size S (the integral of the
positive/negative flux over the avalanche duration or area enclosed
between the positive/negative flux and the reference given by the
positive/negative threshold), and its duration 7' (time lapse dur-
ing which the positive/negative flux remains above/below the pos-
itive/negative threshold). Finally, for two consecutive avalanches
(regardless of whether they are outwards or inwards), the time
lapse between the end of the first one and the beginning of the
next one, or quiet-time Q, is also computed.

A. General avalanche statistics

As seen previously in the definition of an avalanche, Fig. 3, a
proper choice of the amplitude threshold is crucial in order to ob-
tain reliable results. On the one hand, an arbitrarily small value for
this parameter leads to the inclusion of non-avalanche events as
avalanches. Conversely, an excessively large value for the thresh-
old results in too few avalanches, making it challenging to gather
the necessary statistics to draw any conclusions about transport
dynamics. Since this is a fundamental parameter that will sig-
nificantly impact the subsequent results, it is essential to con-
duct a preliminary study on its influence on the basic statistics of
avalanches. Figure 4(a) shows the dependency of the number of
avalanches as a function of the amplitude threshold value at dif-
ferent radii. It is worth remembering that the threshold has been
set in terms of a percentage relative to the maximum/minimum of
the temporal records. In turn, the maximum/minimum have been
calculated as the average of the 10 highest/lowest values of the
series. For arbitrarily low values of that percentage, the amount
of avalanches tends to be half of the total amount of entries (i.e.,
10° for SLPM data). As the threshold parameter increases, the
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Figure 4: (a) Total amount of avalanches vs. amplitude thresh-
old at different radii. (b) Radial dependence of the number of
avalanches for a given threshold. (c) Radial dependence of the
ratio between positive and negative avalanches for a given thresh-
old. The parameters used to calculate avalanche statistics are
IF=I, =023 N

amount of avalanches smoothly decrease, tending'to zero for per-
centages approaching 100%. The dashed, vertical line in Fig. 4(a)
represents the value for the percentage wused in this work (i.e.,
30% of the maximum). This yalue allows to gather amounts of
avalanches in the range ~ (1000 = 4000)’ depending on radius,
which is enough to draw (ghe corresponding survival functions.
In Fig. 4(b), the radial dependeénce of the total/positive/negative
number of avalanches is shown. Positive/negative avalanches are
defined as transport events radially outwards/inwards. At the in-
nermost and outermost regions of the plasma (i.e., r < 1.3 cm and
r > 2.5 cm), positive avalanches outnumber negative ones. In con-
trast, at intermediate radii (1.3 cm < r < 2.5 cm) the opposite is
true, even though the nét electron flux is always positive. In Fig.
4(c), the ratio between positive and negative avalanches is repre-
sented. The dashed horizontal line represents the balance between
positive and negative avalanches. The dashed vertical lines located
at r =\1.3 cm and ¥ = 2.5 cm represent the frontiers between the
innermost/intermediate and intermediate/outermost regions of the
plasma column.

From now on, different variables and labels will be used to de-

note the value of the avalanche exponents and characteristic quan-
tities estimated in this work. Table 2 shows their names and ex-
pressions/symbols.

Table 2: Nomenclature of the avalanche mean-field exponents and
key variables.

Name Expression/symbol
Size exponent: Y5 p~(S) ~ 8%
Duration exponent: ¥y ps(T)~T7
Quiet-time exponent: Yo p=(Q)= Q"

Typical average size: S,
Typical average duration: T¢
Typical average quiet-time: Q. . p~(Q) ~exp(—0/0;)
Size-duration exponent: )57 (SY(T) ~ TT
Crossover duration: T T.

P5.(S) ~ exp(=5/S.)
P> (D)o exp(=T/Tc)

~
B. Statistics of avalanche sizes

The survival function ofiavalanche sizes are plotted in Fig. 5(a)
at different radial positions .in SLPM. No clear trend is observed
for the innerradial'locations (r < 2.6 cm), but avalanche sizes sfs
seem to be exponentially distributed, p~ (S) ~ exp(—S/S;), S¢ ~
23 a.u.gpfor sizes above S = 20 a.u. For smaller sizes, no defined
scaling is found and the distribution of sizes is mainly dominated
by/the cut=off. It is worth stressing that for » > 2.6 cm, the tails
of avalanche sizes distributions present power law-like behaviour,
p>(S) ~ S8, with ¥ ~ 3.0 at the outermost radial location. This
is a first indication that transport dynamics in this linear machine
i1s changing from classical to a more complex response as we move
radially outwards.

Indeed, the amplitude threshold for the determination of
avalanches depends on radius since the maximum/minimum val-
ues of flux series also varies radially. The criteria followed in
this work for the determination of the threshold is 30% of the
maximum/minimum of the series (considering both outward and
inward avalanches). This percentage is around 2 to 4 times the
standard deviation of the signal, depending on the radial location.
Figure 5(b) depicts the root-mean-squared value of fluctuation-
induced E x B radial fluxes at different radial locations, showing
a decreasing trend. As the averaged flux decrease with increas-
ing radius, it turns out that avalanche sizes become smaller for the
outermost radius, as shown in Fig. 5(a). A correlation is found
between the decrease in avalanche sizes and the change of the lo-
cal electron temperature: in the two outermost radial locations,
r=2.6 cm and r = 2.8 cm, a sharp temperature gradient is found
(see Fig. 3 in Ref. [19]), while at the inner radii, » < 2.6 cm, the
temperature profile is quite uniform, being avalanche sizes quite
similar. The ratio of the avalanche-like flux to the total flux is
calculated in the following way:

T i [D(0)|H (ID(r)] =) dr

mni , 8
T (e ®

Ftot

where #ip; and f.pq are the initial and final times for data acquisition,
H(x) is the Heaviside step function and I; is the upper threshold
for the determination of avalanche fluxes. Results in SLPM are
depicted in Figure 5(c) for all the radial locations analyzed. On
the one hand, there is a clear dependence on amplitude threshold:
the contribution of avalanche-like flux relative to the total flux in-
creases/decreases with decreasing/increasing amplitude threshold
parameter, I';. On the other hand, no clear/defined radial pattern is
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Figure 5: (a) Avalanche size survival functions atdifferent radial
locations (see legend). For comparison, exponential,and power
law functions are also plotted (dashed lines). The parameters used
to calculate avalanche statistics are I;” = I, =0.3. (b) Root-
mean-squared values of the fluctuating E x B.fluxin SLPM. (c)
Ratio of avalanche transport to total transport, Tyy /Tt (defined
in the text), for different values of the amplitude threshold (see
legend).

found, remaining the quotient given by Eqs (8) fairly constant for
all the radii.

C. Statistics of avalanche durations

The sfs of avalanche/durations are plotted in Fig. 6 at different ra-
dial positions. Avalanche durations are exponentially distributed,
i.e., p=(T) ~ exp(=T/T;), with a typical average time 7. = 1 —3
us, for all locations that.meet the condition r < 2.6 cm. This be-
haviour is observed for durations ranging from ~ 1 to ~ 20 mi-
croseconds. The exponential function in Fig. 6 provides a nice
fit for-the whole range of durations. However, at the outermost
radial location (7»=.2.8 cm), the tail of avalanche durations dis-
tribution is‘better described by power law decay, p~ (T) ~ T,
with yr &23.6. This constitutes a second indication, in addition
to the previous one for avalanche sizes distribution, suggesting a
transient in transport dynamics in the outermost plasma region.
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Figure 6: Avalanche duration survival functions at different radial
locations (see legend). For compatison, exponential and power
law functions are also plotted (dashed lines). The parameters used
to calculate avalanche statistics are [j=T", = 0.3.

~
D. Statistics of inter-avalanche quiet-times

Another interesting toel regarding avalanches is the statistics of
the quiescent temporal lapses between consecutive bursts or quiet-
times (see Fig.'2). The sfs of inter-avalanche quiet-times are plot-
ted in Fige 7(a) at different radial positions. For the innermost
radii, r < 2.6 cm, quiet-times are exponentially distributed, with
typical‘average quiet-times in the range Q. = 110 — 240 us, con-
sistent with-a Poisson statistics and a radial transport in a diffusive
regime./Thedashed exponential functions in Fig. 7(a) again pro-
vides an excellent fit for the whole range of durations. For r = 2.6
cm, the distribution seems to be halfway between exponential and
a power law. Finally, at r = 2.8 cm, the distribution is perfectly
described by a power law decay, p~(Q) ~ Q™ %2, with yp ~ 0.75,
in the range Q ~ (20 — 400) us. This provides a third indication
of a transient in transport dynamics at the two outermost radial
locations: as one moves outwards from the center, the mecha-
nisms contributing to avalanche initializations (avalanche trigger-
ings) become correlated, manifested in the presence of power law
tails in quiet-time sfs.

The shape of the distributions change with amplitude thresh-
old values. For arbitrarily low values, all distributions are rather
exponential and not clear power-law trends con be glimpsed for
at least one temporal decade, as shown in Fig. 7(b) (blue line).
This is independent of the underlying transport dynamics. If
I} ~ T, < ('), non-avalanching events will be considered as
real avalanches (due to the low amplitude threshold value), and
self-similar traces associated to real avalanches will be masked
under the gaussian background noise generated by low-intensity
events.

As an example, quiet-time sfs can also be calculated by only
considering avalanches exceeding a minimum duration, 7;, such
that they are included in the self-similar temporal range. In Fig.
7(b) (red line), the inter avalanche quiet-time sf is plotted, but now
considering those time lapses between avalanches whose duration
is above some prescribed threshold duration (i.e., T; =4 us), main-
taining identical amplitude threshold (I';" =T, = 0.05). Clearly,
both distributions are quite different, going from exponential when
no duration thresholding is applied (7; = O us), to power-law-like
tails (i.e., self-similar), when a duration threshold (7; = 4 us) is
considered.

Besides duration thresholding, the usual amplitude threshold-
ing also allows to unveil power laws from the noisy, uncorrelated
background. Both methods result in a loss of statistics, which fi-
nally led us to use sfs instead of pdfs in this work. There is a
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Figure 7: (a) Inter avalanche quiet-time survival functions at dif-
ferent radial locations (see legend). For comparison, exponential
and power law functions are also plotted (dashed lines). The pa-
rameters used to calculate avalanche statistics are I';” =T, =0,3.
(b) Quiet-time survival functions at r = 2.8 cm using different am-
plitude and/or avalanche duration thresholds (see text and legend).

statistical correspondence when combining the relative intensities
of the two kinds of thresholding. As an example, in Fig." 7(b)
(green line) the quiet-time distribution between avalanches with-
out duration thresholding (7; = 0 ps), but with a higher value of
the amplitude threshold, I,V = I;” = 0.3 is shown: Despite the
distributions are not identical, they maintain the same power=law
trend just below the cutoff, with similar scaling expglents oyer the
same time range.

The distribution of quiet-times between|all transpott events re-
flects the statistics of the drive [39]. Ifithe'driving mechanism is
random, the pdf of quiet-times must follow a Poisson, exponen-
tial law, as shown in the previous section, Eq. (3). In our case,
the driving mechanism for the triggering of bursts or avalanches is
given by the fluctuations in floating potentials and ion saturation
currents, experimentally measured»with Langmuir probes. The
distribution functions of thése fluctuations are gaussian[13]. This
could lead to the notion that avalanche triggering mechanisms giv-
ing rise to transport events are uncorrelated, and the distribution of
quiet-times should be exponential, which is true at inner and inter-
mediate radial regions in SLPM. At the outermost radial location
where experimental data.is available, turbulent transport dynamics
appear to be governed by non-diffusive phenomena.

E. Relation between avalanche size and duration

Considering therelation between the average size of avalanches
for a'given/duration, the intermittent response is characterized by
avalanches having the following power law scaling relation be-
tween sizes, and durations, (S)(7) ~ T%7. There is experimental
evidence reyealing the existence of scale-invariance in the dynam-
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Figure 8: (a) Avalanche size versus duration for all avalanches
in SLPM at r = 1.0 cm (light gray hollow circles) and average
avalanche size for fixed duration at the same position (full black
line). (b) Average avalanche size for fixed duration at different ra-
dial positions. Asymptotic power law trends, (S)(7) ~ T%T, have
been fitted for avalanche durations above the crossover duration,
T > 2 us. (c) Radial dependence of power law exponents from fits
in (b).

ics of fusion plasmas[23]. In particular, the statistics of quiet-times
in tokamaks and stellarators are found to be consistent with what
would be expected for randomly driven systems governed by crit-
ical phenomena, i.e., Self-Organized Criticality (SOC) dynamics.
It was found previously[31] that critical phenomena may only be
present at the outermost radial region of SLPM from the analysis
of avalanche size/duration avalanche distributions, as well as from
the inter-avalanche quiet-time distributions.

Figure 8(a) depicts the size-duration relation for all avalanches
at r = 1.0 cm (light gray hollow circles), and the average size con-
ditioned on a given duration T, (S)(T') (full black lines). In Fig.
8(b), the average size conditioned on a given duration is plotted
for all radii.

Two asymptotic scaling relations are found in region 1,
(S)(T) ~ T? for T < T, ~ 2 us, and region 2, (S)(T) ~ T%7 for
T > T,.. The existence of two distinct regions with crossover du-
ration 7 is a side effect due to thresholding. For avalanche with
durations below the crossover duration, T < T,, all events have
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a low number of values above the threshold (for instance, it may
well be the case that only one point is above the threshold, thus
conforming an avalanche), which is not enough to capture the in-
ternal complexity of the corresponding avalanche. In Fig. 9, an
sketch of an avalanche with just three points above the thresh-
old (dark grey, small triangle) is represented together with the
avalanche size (S) and duration (7). Due to the low amount of en-
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Figure 9: Scheme of the formation of an avalanche barely ex-
ceeding the threshold (dark grey, small triangle), and trivial
size/duration scaling relation as a side effect of thresholding.

tries, the size/duration scaling relation becomes trivially quadratic:
(S) ~ T?. As an example (see light grey, big triangle in Fig. 9),
when the duration is doubled (T — T’ = 2T), the resulting size
is four times larger (S — §' = 45). Region 1 in Fig. 8(b) is as-
sociated to this quadratic scaling as a side effect of thresholding
affecting the smallest avalanches. For avalanche durations longer
than the crossover duration (T > T), the amount of experimental
entries above the threshold is enough to capture the intefnalstruc-
ture of the avalanche. The resulting exponents in our experiment
are plotted in Fig. 8(c). The numerical values of the exponentsiat
radial locations r < 2.6 cm are in the range (1.5,3);whereas at the
outermost radial location its value is Ys7 ~ 1.2.

It is interesting to note that at r = 2.8 cm, the relation between
exponents,

YsT = Yr/¥s, ~N ©)

seems to be satisfied, which is often found elsewhere[41, 40]. This
result is quite well reproduced in this work when analyzing the
radial E x B fluctuation-induced radial particle flux in the outer
region of the plasma column. Furthermore, is. consistent with
those obtained for a wide range of‘physical processes[42, 43], sug-
gesting perhaps that transport processes in the outer region of the
SLPM could be included within the same kind of scaling univer-
sality class.

V. Results from W7-AS stellarator flux
data

To compare the properties of electrostatic turbulent fluctuations
in SLPM with confinement devices, a signal from the Langmuir
probes in the W7-AS stellarator was also analyzed. Specifically,
results.from discharge 35427 were used. The signal was sampled
at 2 Mega-Hertz frequency, with a total of 200000 usable points.
The tips of'the probe were located between 0 and 2 centimeters
within the last closed magnetic surface.

Figure 10(a) shows the dependency of avalanche events (to-
tal/positive/negative) with amplitude threshold in W7-AS (iden-
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tically defined as in SLPM). For low values of the amplitude
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Figure 10: Results from the analysis of W7-AS electrostatic tur-
bulent flux data for shot No. 35427. (a) Total/positive/negative
amount of avalanche events. (b) Avalanche sizes/durations sur-
vival functions. (c) Inter avalanche quiet-times survival functions,
with different thresholding parameters.

threshold, the amount of avalanche events tend to be half of
the total amount of entries, smoothly decreasing and tending to
zero as the threshold increases. The dashed, vertical line in
Fig. 10(a) represents the generic value for that threshold (in %)
used in this work (the same as in SLPM). This value allows to
gather 6452/3722/2730 total/positive/negative avalanches in W7-
AS, which is enough to draw the corresponding survival functions.

The distribution function of avalanche sizes is plotted in Fig.
10(b) (red line). Analyzing the shape of the sf, a power law trend
becomes apparent for the highest sizes (dashed trend line), until
reaching the maximum avalanche sizes in our records. It is worth
noting that this result is similar to the corresponding at the outer
region in SLPM, with similar decay exponent.

The distribution function of avalanche durations is plotted in
Fig. 10(b) (blue line). Similar to the situation for sizes, a power
law trend is glimpsed for the longest durations (dashed trend line),
until reaching the maximum avalanche durations in our records
(~ 10— 15 microseconds), just before the cutoff. Again, this result
is similar to that found at the outer radius in SLPM, with similar
decay exponent.

The distribution functions of the quiescent temporal lapses be-
tween consecutive bursts or quiet-times are plotted in Fig. 10(c).
An exponential behaviour is obtained (see full black line) when
considering quiet-times between all avalanches, regardless of their
duration, i.e., 7 = 0 us. The distribution can be fit well by an
exponential law (dashed line), suggesting that avalanche events
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crossing the position where the Langmuir probe is located, do it
randomly.

We have also calculated the distribution of quiet-times for those
avalanches whose duration 7, are above some prescribed thresh-
old, 7;. A different distribution is obtained in this case, [see red
line in Fig. 10(c)] when only avalanches exceeding a minimum
duration, 7;, are considered. We have selected avalanches lasting
more that 7, = 6 microseconds, with identical amplitude thresh-
old. A power law distribution is then obtained for the longest
quiet-times, indicating that radial transport is taking place in a
complex, non-diffusive way. By setting threshold duration val-
ues above T; ~ 5 us, inter avalanche quiet-time distribution tails
become self-similar, exhibiting power-law behaviour. There is a
clear correlation between the emergence of power laws in quiet-
time distributions in Fig. 10(c) and the increase in T;[23].

As in the outer radial region in SLPM, the usual amplitude
thresholding allows to unmask power laws from the gaussian back-
ground, without the need of applying duration thresholding. Fig-
ure 10(c) (blue line) shows the quiet-time distribution between
avalanches without duration thresholding (7; = 0 us), but with a
higher value of the amplitude threshold, I';” =T;” = 0.7. Virtually,
both distributions [see blue and red lines in Fig. 10(c)] fall on top
of each other.

It is important to emphasize that both, amplitude and duration
thresholds need to be properly combined in order to capture the
real dynamics. Otherwise, by non-discriminating the noisy back-
ground from real avalanches through appropriate thresholding,
non-trivial features could not be detected from the signal. Depend-
ing on the specific values for I'; and/or 7;, different distributions
are obtained.

Figure 11 shows the avalanche size-duration relation in W7-AS
for all avalanches (light gray hollow circles), and the average size
conditioned on a given duration T, (S)(T) (full black line). An
asymptotic scaling relation is found with exponent Ysr 2<.1.2, for
avalanche durations T > T, ~ 3 us. The power law fit.is also
plotted as a red line in Fig. 11. The existence of two distinct

10° : : .
) All events '
10°F Average ' . 3
(B -~ Power law fit Ci
;:\ 107 P \ 3
g ~T* -4 12 -
Q Yy ~T
0 10? i
T
10? -
. Region 1 Region 2
10 -1 I 0 : 1 2
10 10 10 10

Daration (us)

Figure 11: Avalanche size versus duration for all avalanches in
W7-AS shot No. 35427 (light gray hollow circles) and average
avalanche size for fixed duration (full black line). For avalanche
durations in the short temporakrange-scale (T < T), the average
size scales quadratically with avalanche duration (see Fig. 9 for
details). The asymptotic power law trend, (S)(T) ~ T"7, has been
fitted for avalanche durations above the crossover duration, 7 >
T..

regions.with different scalings in Fig. 11 (Regions 1 and 2), with
crossover duration,Z, ~ 3 us is a side effect due to thresholding,
whose explanation is exactly the same as that given previously for
SLPM ‘data in Fig. 8(b). The crossover duration in Fig. 11 is
consistent with the duration in Fig. 10(b) where a power law trend
is found in'durations sf. In the same way, the crossover size in Fig.

10

11, S, ~ 10 a.u. (not indicated in the plot) is consistent with the
size in Fig. 10(b) where a power law trend is found in sizes sf.

Working with W7-AS fluctuation induced data, power laws are
found in avalanche sizes/durations sfs, similarly to that found at
the outermost radial location in SLPM. Scaling relationships are
observed for avalanche sizes sfs, p (S) ~ S~ with y5 ~ 3.3 over
some critical size. Furthermore, scaling relations‘are also observed
for avalanche durations sfs, p~(T) ~ T~ withwy ~ 3.6 over
some critical duration. Finally, an scaling relation is found in the
avalanche size-duration relation, (S)(7) ~ T~ %7 with ys7 ~ 1.2.
These results are consistent with Eq. (9).

VI. Discussion and conclusions

In this paper, we analyze therpropetties of fluctuation-induced
fluxes in different radial régions of a linear helium plasma ma-
chine (SLPM), and just inside the LCMS of the W7-AS stellarator.
These studies have been performed with the aim of comparing the
similarities and differencesdn the dynamics of transport in both,
cold, weakly ionized plasmas inside non-confining linear devices,
and hotter, fully ionized plasmas inside confining toroidal devices.
Using the same techniquesiemployed in the past, we conclude that
transport dynamies in SLPM are, in general, different from those
found in the vicinity of the scrape-off-layer in confining devices
such as W7-AS.

The'experimental setup in SLPM allows to explore the plasma
column at different radial locations in multiple discharges by
means of a movable array of Langmuir probes. The measure-
ments/of the flux indicate that particle losses are intermittent and
bursty, with the turbulent mean flux having a maximum value at
the intermediate plasma region, followed by a continuous decrease
withiradius, eventually tending to zero at the outer radial locations,
where the plasma column is extremely rarefied. The experimen-
tal, setup in W7-AS consists of a reciprocating Langmuir probe
moving from the scrape-off-layer inwards, allowing to character-
ize radial turbulent fluxes around that plasma locations.

The scarcity of experimental entries, and hence, of avalanche
events, has led to perform the statistical analysis of avalanche
events in terms of survival functions instead of the more com-
mon probability distribution functions. A criteria based on am-
plitude thresholding for the determination of avalanche events
has been chosen throughout all the work. Furthermore, max-
imum/minimum thresholds are set based on the first n max-
ima/minima of the input signal (n = 10).

The amount of total avalanche events in SLPM is roughly uni-
form with radius except at the outermost radial locations where an
increasing trend is observed. A higher amount of positive (out-
wards) avalanches is found at the innermost (» < 1.3 cm) and out-
ermost (r > 2.5 cm) radial locations. Conversely, a higher amount
of negative (inwards) avalanches is found at the intermediate (1.3
cm < r < 2.5 cm) radial locations. Since the overall net radial
turbulent flux is consistently positive at all radial positions, it is
inferred that in the intermediate radial region, outward events are,
on average, of higher intensity (i.e., size) than inward events.

The distributions of avalanche sizes, avalanche durations and
inter-avalanche quiet-times in SLPM exhibit general exponential
behaviour within the relevant space-time ranges associated to the
mesoscale, pointing to trivial, diffusive transport dynamics, in the
inner and middle radial area (r < 2.6 cm) of the plasma column.
Nevertheless, at the outermost radial location (r > 2.6 cm), the
tails of avalanche sizes/durations and inter-avalanche quiet-times
distributions present power-law trends, pointing to a departure
from diffusion.
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The size-duration scaling relation in SLPM at the outermost ra-
dial location, sy (r = 2.8) ~ 1.2, is in line with findings through
size/duration/quiet-time avalanche distributions. The set of expo-
nents match well with the fundamental scaling relation given by
Eq. (9), found in distinct physical and biological processes.

Results coming from radial turbulent fluxes just inside the
LCMS in the W7-AS stellarator resemble those found at the outer
region of SLPM. The dynamics behaves as would be expected if
a more kind of complex, non-diffusive processes would indeed
dominate transport.

The diffusive character of plasma transport found in a signifi-
cant portion of the radial range (r < 2.6 cm) of the plasma col-
umn in SLPM, is consistent with past theoretical studies in the
context of diffusive sandpiles[14, 15, 16] and numerical simula-
tions of drift-wave turbulence[17, 18]. In those works, it was
shown that the coexistence of an intermittent turbulent transport
channel associated to near-marginal dynamics, which is inherent
in many fusion plasmas, together with any additional (subdomi-
nant) diffusive transport channel (such as, for instance, classical
or neoclassical transport or supermarginal turbulence) could pre-
vent the establishment of long-term correlations even when the
intensity of the second channel is very low relative to the intensity
of the first. The explanation was that long-term memory effects
are the consequence of local inhomogeneities stored in the (den-
sity/temperature/pressure) profiles, but in the presence of a sec-
ond transport channel such as Coulomb collisions, which basically
smooths out any inhomogeneity in the profiles, long-term mem-
ory effects are completely erased. It is not clear the importance of
Coulomb collisions in SLPM since, on one hand, the low degree
of ionization (~ 10%) suggests that their influence on transport, if
any, should be irrelevant, but on the other hand, the low temper=
atures (a few electronvolts) could make plasma collisions impor=
tant to a certain extent. In any case, it seems that is just enough to
impede the establishment of long-term memory effectsszAlterna-
tively, axial losses due to the free streaming of particles-along the
open magnetic field lines could be another memory-erasing mech-
anism.

Non-diffusive features develop in SLPM as we probe the outer-
most radial region (r > 2.6 cm) of the plasma column. A possible
explanation accounting for this dynamical transition can be found
in the fact that the electron temperature profile.shows a huge gra-
dient at radial interval » > 2.5 cm, being quite uil}orm at radial
interval r < 2.5 cm[19]. A reasonable hypothesis in'view of the
extended power laws is that a kind of electron temperature gradi-
ent instability is dominating radial transport at the'edge[31].

It is important to emphasize the need for a;proper methodology
when dealing with avalanche statistics. First, appropriate ampli-
tude and duration thresholdingsare demanded in order to separate
the gaussian noise from real avalanches. Secondly, the use of sur-
vival functions (or cumulative distribution functions) instead of
the more common pdfs can be helpful in determining the presence
of gaussian/self-similarfeatures (i.e{, exponential/power-law dis-
tributions tails).

It is perhaps also worthwhile to mention here that the kind of
non-diffusive transport discussed in this paper is rather different
in nature to that associated to blob transport in the scrape-off layer
of tokamaks. ‘Blob cross-field transport is also known to be non-
diffusive, but it has,an-almost ballistic character attributed to the
E xB. drift resulting from the charge separation that takes place
within the blob; not.needing any extended spatial correlations. We
would alsofsay that we have not tried to look into the role played
by zonal flows, that may play an important role in reducing ra-
dial/temporal correlations whenever their associated scales allow
it, due to the fact that we cannot estimate them from the available
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data.

Finally, all experimental results presented in this paper have
been obtained via Eulerian measurements (i.e., through Langmuir
probes located at specific spatial locations). This constitutes a se-
vere restriction for the determination of possible long-range spa-
tial structures, specifically for the determination of avalanches. A
way to improve all the work done in this article,is to perform mea-
surements using several (at least two) probesispatially separated
(either in the radial, poloidal or even in the aXialdirection), to an-
alyze spatial correlations and thus determine more appropriately
the spatial structure of the avalanches stadied here.
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