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It is shown that the statistical and correlation properties of the local turbulent flux measured at
different radial locations of the cold, weakly ionized plasmas inside the Santander Linear Plasma
Machine [Castellanos et al., Plasma Phys. Control. Fusion 47, 2067 (2005)] are consistent with
diffusive-like transport dynamics. This is in contrast to the dynamical behavior inferred from similar
measurements taken in hotter, fully ionized tokamak and stellarator edge plasmas, in which long-
term correlations and other features characteristic of complex, non-diffusive transport dynamics
have been reported in the past. These results may shed some light on a recent controversy regarding
the possible universality of the dynamics of turbulent transport in magnetized plasmas. © 2074
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4875722]

I. INTRODUCTION

Many theoretical and experimental studies have been
done over the years concerning the nature of turbulent radial
transport in fusion plasmas.' The majority of these studies
have been carried out in tokamak®? and stellarator* devices,
that confine a hot, almost fully ionized plasma. A natural ra-
dial point of reference for these studies is determined by the
location of either a radial limiter or a magnetic separatrix:
the Last Closed Flux Surface or LCFS. Inside of the LCFS,
magnetic surfaces are closed. Outside, in the region known
as the Scrape-Off Layer or SOL region, magnetic field lines
are open and continue until they intersect with the limiter, di-
verter, or first walls. Investigations of the characteristics of
turbulent fluctuations and fluxes have been done extensively
in the neighborhood of the LCFS mostly by means of
Langmuir probes. Most of these studies have concluded that
both turbulent fluctuations and fluxes exhibit properties, such
as long-term memory or self-similarity within a certain range
of scales, that suggest that some kind of non-diffusive, com-
plex transport dynamics might be at play.*~'° Similar studies
have also been carried out in other magnetized plasmas, ei-
ther colder or in the presence of open field lines. The evi-
dence is much less clear in these cases. The Thorello device,
a toroidal, rotational-transform-less device with plasmas of a
few eVs showed no sign of non-diffusive behavior or long-
term temporal correlations. Similarly, the plasma within the
NAGDIS-II linear machine,11 with also just a few eVs of
temperature, showed no sign of long-term correlations in the
power-spectrum or correlation of the fluctuations (although
it shows multifractal features). On the other hand, other
authors have reported stronger similarities with tokamak
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transport at the SOL, as was the case of the PISCES
device.'?

To add to this state of things, a novel and different inter-
pretation has been recently put forward that identifies instead
the responsible underlying dynamics as some kind of quasi-
deterministic, low-dimensional chaos.'>'* The main conse-
quence is then that transport takes place through successive
random bursts that, when passing by the probe, leave a
Lorenzian print. Their randomness thus excludes the kind of
long-term correlations that was reported in the previous hot
plasma data. Since this new interpretation first originated
from the analysis of data from cold, weakly ionized plasmas
from the LAPD-U linear plasma machine' (and a small stel-
larator,'* TJ-K, that again confines plasmas of just a few eVs),
a reanalysis of previously obtained tokamak/stellarator data
was undertaken to test whether it made sense to apply these
ideas to hot plasmas.'> The results of this reanalysis were
however consistent with previously published results instead
of with the newest interpretation. It was also suggested in that
work that the extremely different conditions of the plasmas
under study (hot, fully ionized versus cold, weakly ionized),
together with the fact that linear machines lack magnetic
surfaces, could perhaps be responsible for the differences.

To shed some further light on this matter, we analyze
here fluctuation data obtained with Langmuir probes in cold
(10-50eV), partly ionized (<10%) plasmas within the
Santander Linear Plasma Machine (SLPM).'® We employ
the same techniques that were previously applied to hot toka-
mak/stellarator plasmas in order to detect long-term correla-
tions and self-similarities. The results support the claim that
the dynamics governing turbulent transport in cold, weakly
ionized plasmas look indeed rather different from those from
their hotter counterparts. In particular, it is found that turbu-
lent transport behaves in a diffusive manner for timescales
beyond the local turbulent timescales, in contrast to the

© 2014 AIP Publishing LLC
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non-diffusive behavior reported in hotter plasmas. Although
these results do not exclude the possibility of observing non-
diffusive dynamics in these kind of plasmas, it certainly
points to the fact that their relevance may be strongly re-
gime-dependent.

The paper is thus organized as follows: Sec. II presents
the experimental setup used for the measurement of the tur-
bulent flux, and gives values for some plasma parameters. In
Sec. II1, the correlation properties of the measured turbulent
fluxes are discussed. In Sec. IV, the flux probability density
function (PDF) is first investigated to search for self-
similarity, and then from the perspective of the effective
phase difference between density and potential fluctuations.
The value of this effective phase will prove useful to under-
stand, in particular, the relation between fluctuating turbulent
fluxes and the radial shear of the local, mean E x B poloidal
flow. Finally, some conclusions are drawn in Sec. VI.

Il. EXPERIMENTAL SETUP AND PLASMA
PARAMETERS

The plasma inside the Santander Linear Plasma
Machine is generated in a cylindrical glass vessel'® with an
internal diameter of 0.07 m and 1 m length (see Fig. 1). The
vessel is located inside a circular waveguide 0.08 m in diam-
eter. A magnetized plasma is produced by launching longitu-
dinally electromagnetic waves with a frequency f=2.45
GHz. The vessel has a conical tip facing the microwave gen-
erator to reduce the reflected power on the latter. The inci-
dent power (Ppmg) is in the range 0.6 kW < Py g < 6kW
and the system operates in a continuous regime. The station-
ary longitudinal magnetic field (0.05T <B <0.15T) is gen-
erated by six water-cooled coils, which are concentric with
the waveguide. All measurements in this work were per-
formed for Helium plasmas with a magnetic field B=0.12T.
The mean electron density is determined by using an 8 mm
interferometer. An array of Langmuir probes provides the
local value of the electron density and floating potential, as
long as their fluctuations across the whole plasma radial col-
umn. Table I shows typical plasma parameters.

The plasma generated in our machine has cylindrical
symmetry so all quantities vary radially. We have examined
a great number of flux data obtained by moving the
Langmuir probe radially and measuring the flux at ten differ-
ent, equally spaced radii, from r=1cm to r=2.8cm in

Turnstile
Junction Interferometer ~ Langmuir Magnetic
(Polarizator) (40 Ghz) probes Field

N B A A :HHF%

Vacuum
system

Microwave
generator

Cylindrical ~ Gas
waveguide tube

FIG. 1. Scheme of SLPM.
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TABLE I. Operating conditions in SLPM.

Parameter Value
Typical magnetic field (B) 0.12T
Electron density (n,) 107 m™3
Electron temperature (7,) 20eV
Ton temperature (7;) 0.05eV
Debye shielding length (1) 10 *m
Electron Larmor radius (o) 10~ m
Ton Larmor radius (p;;) 4%10™*m
Electron cyclotron frequency (f..) 3.4GHz
Ton cyclotron frequency (f.;) 400 kHz
Ionization degree < 10%

successive shots. No measures have been done further into
r=1cm, since the probes themselves and the holder gener-
ates great disturbances in the plasma making results unreli-
able. All previous measures have been performed once the
plasma is in a stationary regime.

The array of Langmuir probes consists of four tips, each
of tungsten wire 0.5mm in diameter and 2mm long.
Working on double probe configuration, electron tempera-
ture and electron density profiles were obtained. Fluctuations
of ion saturation current (/,) and floating potential (¢);) were
measured using the triple probe configuration, i.e., one probe
is in the ion saturation regime while two poloidally separated
probes were unbiased to measure the floating potential.
Fluctuation measurements were digitized at | MHz sampling
frequency, 2 x 10° points per channel. All fluctuating quanti-
ties are indicated by a tilde and are defined as having zero
time-averaged value. The tip on the ion saturation regime
located between the other two, but at a slightly displaced ra-
dius, it is biased at a fixed voltage to estimate electron den-
sity fluctuations. Of course, what the Langmuir probe
measures is the ion saturation current, I oc n+/T,. Therefore,
the flux inferred from these measurements is not necessarily
equal to the particle flux. However, measurements of the
temperature fluctuations at the plasma edge in some confine-
ment devices such as the TEXT and TJ-I tokamaks, have
shown that their relative phase is such that I" calculated from
I and ¢y is a good estimate of the particle flux. '8 The sta-
tistical properties of the radial particle flux, I' = 7Ey/B
=7n(¢, — ¢,)/(reB) have been studied from the measured
values of the density fluctuations at a given radial position of
the plasma, 72(r, 0, t), and the electrostatic plasma fluctuating
potential at two nearby positions, ¢(r,0 —¢/2,t) and
¢(r,0+¢/2,1). Here, r is the radial position of all the
probes, 0 is the poloidal position of the tip on the ion satura-
tion regime and ¢ is the poloidal displacement between the
two poloidally separated probes on the floating potential re-
gime (one is poloidally displaced —e&/2 and the other +¢/2).
Finally, E is the fluctuating poloidal electric field and B the
axial magnetic field.

The time evolution of the normalized turbulent radial
flux measured at different radial locations across the plasma
column is shown in Fig. 2. As in other devices,lg_21 the flux
is predominantly positive (i.e., the particle transport is, on
average, outward) and bursty. This temporal behavior of the
turbulent particle flux is typical of all measurements carried
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FIG. 2. Time records of the turbulent particle flux in SLPM measured at dif-
ferent radial positions: (a) inner position, = 1.0cm, (b) intermediate posi-
tion, = 1.8 cm, and (c) outer position, r =2.8 cm.

out in SLPM. The resulting averaged radial fluxes vary
between 10'*m~2s~! in the outer region and 10""m %" in
the central region. Although the particle fluxes are quite fluc-
tuating, going in and out of the plasma, the dominant effect
is outward because of the averaged (downward) density
gradients.

In Fig. 3, the root-mean-square (rms) values of the fluc-
tuating E x B fluxes are drawn at different radial positions,
as well as their relative values. The rms values decrease with
radius, but a different behavior is observed for the relative
rms values, where there is first a decrease in the central part,
then a minimum for intermediate positions and finally an
increase in the outer region. This can be visually ascertained
by looking at Fig. 2, where the normalized fluxes are plotted.
In that figure, the normalized fluctuations at intermediate
positions (b), are smaller than those for the central and outer
regions of the plasma, (a)—(c).

lll. CORRELATION PROPERTIES OF THE LOCAL
TURBULENT FLUX

A. Autocorrelation

We will discuss first the autocorrelation function of the
time series for the fluctuating E x B flux. Results are shown
in Fig. 4 for all radial positions. It is apparent that the width
of the autocorrelation functions is quite insensitive to the ra-
dial position. In addition, the decay appears to be very fast,
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FIG. 3. Rms values (filled circles) and normalized rms values (open squares)
of the fluctuating £ x B flux in SLPM.
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FIG. 4. Autocorrelation functions of the flux series at different radial posi-
tions in SLPM.

crossing first through zero for time lags between 6 and 8 us,
which will use as our estimation for the turbulent decorrela-
tion time, 7, Long tails appear to be lacking, but it is diffi-
cult to see this clearly in the autocorrelation function. It must
however be noted that all positions exhibit a bump for time
lags in the interval 20-25 us, followed by a second bump,
for twice the time lag values of the first bump, 50-60 us.
This suggests that some periodicity might be present in the
time series. We will argue later in the paper that these bumps
are consistent with a mean poloidal rotation of the plasma.
At the same time, their presence makes our estimate of 7,
somewhat unreliable. We will discuss a second, better esti-
mate in Sec. III B.

B. Hurst exponent

In order to clarify whether long-term correlation (i.e.,
long tails) are present or not in the data, we have also per-
formed the R/S statistics proposed by Mandelbrot and
Wallis, > based on the previous work of Hurst.® This analy-
sis is carried out in the following way. Let us suppose we
have a temporal signal s(¢). First, the mean of the signal is
subtracted, $(¢) = s(¢) — 5. Then, we assume that §(¢) pro-
vides the increments of a random walk after a lapse of time
7. The distance traveled by the walker is, at time ¢, given by
S(t) = ["s(f')dt'. Then, we define the range of the motion as
the difference between the maximum and minimum of S.
Finally, this range is rescaled by the standard deviation of
the data, so the quantity R/S is the rescaled range. The results
are then interpreted as follows. If the sequence has short-
range correlations (i.e., correlations up to a temporal range
T <14, where 7, is the decorrelation time of the signal), the
expected value of R(1)/S(t) scales as 7' for time lags T > 1,
On the other hand, if long-range correlations are present, the
expected value of R(1)/S(t) scales as 7 with H # 1/2
for t > 1,. These correlations are positive (i.e., persistence)
if 1>H>0.5. For 0.5>H >0 correlations are negative
(anti-persistence).

Fig. 5(a) shows the results for the R/S analysis carried
out at different radial locations in SLPM. In all cases, a
region with H ~ 1/2 beyond 7, ~ 30 us is found (region to the
right of the vertical, dashed line in figure), that extends up to
the longest times available. To help to guide the eye, two
oblique lines have been included in the figure that represent
the theoretical curves for two different dynamical behaviors,
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FIG. 5. (a) R/S analysis of the flux series at different radial positions in
SLPM. The curves have been shifted down successively to better appreciate
long-range time dependencies. (b) Variance for each of the series T
derived from the original measured flux series at different radii, as a function
of m. (c) Hurst exponents obtained from the linear fits of the graphs shown
in (a) (R/S analysis, filled circles) together with those obtained from the lin-
ear fits of the graphs shown in (b) (VT analysis, hollow squares).

namely, a deterministic process in which R/S ~t (dashed
line) and a random, Gaussian process in which R/S ~t'?
(dotted line). To quantify the behavior, power-law fits have
been made for the time interval ranging from 30 to
200000 us. Fig. 5(c) (filled circles) shows the exponents
obtained. In all cases, the values for H fall within the interval
[0.46, 0.52] (the shaded region represents the symmetric
interval [0.45, 0.55] around H = 1/2).

Finally, we note that the transition time-lag between cor-
related and random regions, t,~ 20-30 us, is probably a bet-
ter estimate of what the local decorrelation time is than that
provide by the first zero-crossing of the auto-correlation
function in the presence of periodicities.

C. Variance-time plot

To confirm the goodness of the Hurst exponents obtained
with the R/S analysis, we have recalculated them using
the Variance-Time (VT) plot analysis.** This method is based
on the slowly decaying variance property of any process
undergoing aggregation. Considering any time record
X ={X;;j=1,2,...,N}, being X; the value for the variable
X at time j, and N the total number of temporal points, the

Phys. Plasmas 21, 052303 (2014)

m-averaged process, X" = {X}m);j =1,...,N/m}, of the
original discrete time parent process X is defined as

jm

(m) _ -
X = Xi, j=1,2,...,N/m, (1)
1)m+1

1
m_~
where m and j are positive integers. The averages are per-
formed over non-overlapping temporal windows containing
m elements from the original measured time series. As stated
above, X is the resulting temporal averaged series coming
from the original signal X or in other words, is the original
record with a degraded resolution by a factor m, where m
is increased by powers of 2 (m =222 ..., 2" = mpya
= 16384). The variance is defined as

1 N/m

Varx™] = — S~ (x!") — X)%. )
N/mFZ1 /

The variances of the aggregated processes X" decrease with
m (for large m)

Var[X"] = Var[X]/m”, (3)

where ff=2(H—1), being H the self-similarity parameter or
Hurst exponent.

The VT plot is obtained by plotting log(Var[X"]) against
log(m) and by fitting a least-square line through the resulting
points ignoring those for small values of m. For most proc-
esses, the value of f is —1, indicating that no self-similar
behavior occurs (i.e., stochastic processes). On the other hand,
when the points are aligned in a line which is flatter than that
(0 < < —1), the process has features of self-similarity, and
an estimate for the degree of self-similarity is given by H =1
+ f/2. According to Eq. (3), the self-similarity ranges are the
regions in m where the condition Var[X"] oc m# = m?H~1)
is fulfilled and f#£—1 (H # 1/2).

In Fig. 5(b), the resulting variances, Var[["™], for each
averaged ' have been plotted. We have divided the tem-
poral scales in two different ranges: the fluctuation range,
comprising the interval # < 7, ~ 30 us, and the long temporal
scale range, in the interval t = 1, ~ 30 us, being 7, a limiting
temporal scale between these two temporal ranges.

For temporal scales longer than 7, (m > 32), the system
behaves stochastically since § ~ —1 is obtained for all radii
and hence H~1/2. Fig. 5(c) (hollow squares) shows the
detailed results, together with those obtained using the R/S
analysis to highlight the agreement.

D. Power spectra

Another popular method to look for correlations in time
series is the investigation of their power spectra. Here, flat
regions are usually associated to random dynamics, whilst /™
regions, with 0 <s <1 are attributed to the existence of
long-term memory and correlations. The power spectrum of
the turbulent fluxes at different positions is shown in Fig.
6(a). It shows different scaling behaviors as we move in the
radial direction. For the two innermost positions, there are
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three distinct regions in the power spectra. For the highest
frequencies (f> f;= 1/t,~ 1.7 x 10° Hz, where 7, is the flux
decorrelation time introduced earlier and f; is represented
graphically by the right dashed-vertical line), the data show
a scaling behavior close to f*. For the lowest frequencies
(f<f.=1/1,~3.3 x 10*Hz, where f, is represented by the
left dashed-vertical line), the data show a nearly flat behav-
ior. For frequencies in between (f. <f<f;), no clear alge-
braic trend can be identified. In fact, the trend seems to be
exponential. For the four outermost positions, there are two
distinct regions in the power spectra: For frequencies in the
range f>f,, the data show a scaling behavior of approxi-
mately /2. At lower frequencies, f<f,, the data show a
nearly flat trend. Finally, for the remaining four intermediate
positions, there appears to be three distinct regions in the
power spectra: For the lowest (f < f,) and highest (f > f,)) fre-
quencies, the scaling is similar to that for the two innermost
radial locations, but for intermediate frequencies (f. <f<fy)
the spectral decay is closer to f~'. This exponent has often
been associated to self-organized-critical dynamics.?*°
However, the fact that an associated region is absent in the
R/S analysis suggests that it might also be just a transition
region with no dynamical meaning. A very robust feature in
all the spectra in Fig. 6(a) that is worth discussing is the fact
that all of them exhibit two peaks at frequencies fj ~25
x 10> Hz and f, ~48 x 10° Hz, respectively. These peaks,
which are much more apparent when visualizing the power
spectra of the ion saturation current (i.e., the fluctuating den-
sity) time series [see Fig. 6(b)], are consistent with the
expected frequency of the mean E x B drift, with velocity
v=E x B/B*. Typical values for the mean radial electric field
in SLPM are around 400-500V/m, being approximately

Phys. Plasmas 21, 052303 (2014)

uniform in the radial interval between the innermost and out-
ermost radial positions, 7;=1.0cm and r,=2.8 cm, respec-
tively. The magnetic field is uniform, being its value
B =0.12T. Thus, the associated drift frequencies, f,, should
fall within the interval [f, fi; >~ 20, 60 x 10° Hz, which is in
agreement with the values obtained by inspecting the peaks
in Fig. 6. This radially sheared, poloidal E x B drift could be
responsible of the decorrelation of the turbulence on temporal
scales above 1, ~ f~ I consistent with the value of the Hurst

exponent found there, H ~ 1/2, in all radial locations.

IV. INVESTIGATION OF THE PDF OF THE LOCAL
TURBULENT FLUXES

A. Self-similarity

After examination of correlation properties, we proceed
now to look at the statistics for the sake of completeness. We
start by looking for self-similar properties of the PDF of the
turbulent fluxes at different radial locations. We have calcu-
lated these PDFs over different time resolutions by using Eq.
(1). m=1 gives the original series, whilst the m-averaged
fluxes, F,(m) have been computed by averaging over blocks
of size 2", m=1,2,---,11. Each reduction in resolution
implies a decrement in the statistics. This limits the largest
exponent to m=11 (i.e., 2048 elements), since F,(m) then
consists of only N/m =200 000/2048 < 100 points. To differ-
ent scalings are then observed depending on the value of m.
For m < 16, we encounter the fluctuation range, with times
up to the order of 7, The rescaled flux PDFs are shown in
Fig. 7(a) for the radial location r=1.6cm. The rescaling
exponent that makes the PDFs collapse has been found to be
H ~0.75, consistent with the correlated behavior within the
central region of the autocorrelation function of the flux.

10°
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e m=2 %
10'te m=4 .
e m=38
m=16
g 10°F
10°F
10* .
0—30 -15
10° T
e m=32
s m=64
» m=128
10"'te m=256
m=512
g e m=1024
10° s m= 2048
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-30 -15 0 15 30
(r-<r>)/m™!
FIG. 7. (a) Rescaled PDFs of the local turbulent fluxes at r=1.6cm for

m < 16 and scaling parameter H=0.5. (b) Rescaled PDFs for m > 16 and
H =0.5 at the same location.
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For m > 16, the shape of the rescaled PDFs changes.
The results are shown in Fig. 7(b). The best collapse is found
by choosing the rescaling exponent H ~ 0.5, although there
is significant deviation at the end of the positive tail. This
exponent is consistent with the value of the Hurst exponent
found from the R/S analysis over this range of scales.

V. EFFECTIVE PHASE-DIFFERENCE ANALYSIS

The PDFs of the local fluxes measured in SLPM are
clearly non-Gaussian for any radial position as seen in Fig.
7. Nonetheless, the fluctuating quantities from which the
fluxes are calculated, density and potential, follow near-
Gaussian statistics. Fig. 8 shows the PDFs of the measured
fluctuating potential (a)—(b) and ion saturation current
(c)—(d) at different radial positions. For every radius, the
PDFs of the potential fluctuations are near-Gaussian, while
for the ion saturation current (related to the density) the
PDFs are near-Gaussian for negative values but seem to de-
velop a slightly more exponential character when the argu-
ment takes positive values.

It is possible to infer the expected PDF of the fluctuating
fluxes by assuming that a certain effective phase difference
exists between density and potential fluctuations.' Indeed,
fluctuating fluxes are obtained from the product of density
and radial velocity fluctuations, I' = ﬁV,., which in turn are
estimated from the experimental measurements obtained
with Langmuir probes for both the plasma ion saturation cur-
rent and floating potential. The ion saturation current is not
strictly Gaussian, as can be seen in Figs. 8(c) and 8(d), but it
can be considered that Gaussian behavior is a good approxi-
mation. Thus, the fluctuating density, which is in turn calcu-
lated assuming 71 < I s> is also Gaussian. On the other hand,
since the electrostatic potential fluctuation, ¢, is Gaussian,
its derivative with respect to the poloidal angle,
V, = (1/rB)(8¢/d0), must also be Gaussian. Assuming an
effective correlation y (—1<y<1), between density and

P(3)

FIG. 8. Probability distribution functions of: (a) ¢ in lin-lin scale, (b) ¢ in
log-lin scale, (c) /g in lin-lin scale, and (d) /g in log-lin scale, at three differ-
ent radial locations.
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potential fluctuations, the PDF of their product can be
obtained to be'

1
n/T— 2 (7))
r|
(1 =) (i) 22
I
(1—2) @) 22 )

7

p(I') =

XKO

“4)

X exp| —y

where y measures the strength and the sign of the correlation
between 7 and V,. The mean squared values, (7i*) and (Vf>,
are the variances of 71 and V,. The K, is the modified Bessel
function of the second kind and order zero.

From Eq. (4), the mean value of the product I is

() = (AV,) = —p(@) V22, 5)

From Eq. (5), we get that for the averaged flux to be outward,
null or inward, y must, respectively, be negative, zero, or
positive. Moreover, we can obtain experimentally the corre-
lation between fluctuating density and fluctuating radial ve-
locity just by dividing the mean flux by the product of the
density and radial velocity standard deviations. Another
method to obtain ) is by fitting the experimental flux PDFs
against the analytical PDF, Eq. (4). In Fig. 9, we have plotted
the flux PDF obtained from the experiment at radial position
r=1.6 cm, together with three analytical PDFs given by Eq.
(4) for different values of the parameter y. It is apparent that
this functional form well describes practically the entire ex-
perimental PDF, except perhaps the very large |I'| tails.

The shape of the local flux PDF present a systematic
variation as a function of the radial position, which implies a
change in the relative phase between density and radial ve-
locity fluctuations as we move in the radial direction. To see
this effect, in Fig. 10 we have plotted the radial dependence
of y as obtained from the two methods previously described.
The results obtained using both techniques are in agreement:
there is an initial increase of the correlation as we probe

; ;
O Exp. PDF

FIG. 9. Comparison of the experimental flux PDF at r=1.6cm (open
circles) with three analytical PDFs calculated from Eq. (4). The full line cor-
responds to the best fit (y = —0.68), the dashed line corresponds to y =0 and
the dotted line corresponds to y = +0.68.
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FIG. 10. Radial dependence of the correlation parameter y between density
and radial velocity fluctuations (open squares and filled circles), calculated
in two different ways (see text). Triangles stand for the mean local value of
the shear of the poloidal angular velocity.

increasing radial positions, reaching a maximum around
r=1.8 cm, and decreasing for the outermost positions.

To try to understand the origin of this variation, we have
also computed the mean local value of the shear of the angu-
lar velocity associated to the poloidal E x B flow, that can be
obtained from the experimental values of the averaged float-
ing potential. The results are shown in Fig. 10 using triangles.
Values have been obtained only for the six central positions
since the numerical value of the shear at r; depends on the
value of the electric potential at positions 7;_», 1;_1, I, T'iyq
and r;,. From the figure, it is clear that the radial locations
where the correlation is higher correspond to the regions
where the shear of the poloidal flow is smaller. On the con-
trary, in regions where the value of the shear is larger, the cor-
relation is smaller. But even in those regions where the shear
is weaker and the correlation larger, the R/S analysis suggests
that the dynamics are not capable of establishing the kind of
long-term correlations that may yield non-diffusive transport
features.

VI. CONCLUSIONS

In this work, we have quantified the statistical and corre-
lation properties of the fluctuating turbulent fluxes measured
by means of a movable array of Langmuir probes in cold,
weakly ionized helium plasmas inside the Santander Linear
Plasma Machine. These studies have been carried out to help
to determine whether the dynamics of transport in these plas-
mas should be expected to be similar to those characteristic
of the much hotter, ionized plasmas confined in tokamaks or
stellarators. For that reason, we have used the same techni-
ques employed to characterize tokamak/stellarator data in
the past. The results of the analysis suggest that the dynamics
of transport in colder, weakly ionized plasmas are indeed
quite different. No long-term correlations whatsoever seem
to be present in the data, except at the shortest timescales
associated to the central part of the autocorrelation function
of the flux (where some non-Gaussianity, specially in the sat-
uration current fluctuations is apparent). For larger time-
scales, all methods of analysis used here suggest that
randomness dominates the dynamics (i.e., Hurst exponents
H ~ 1/2), which is consistent with radial turbulent transport
exhibiting a rather diffusive nature.

Phys. Plasmas 21, 052303 (2014)

We have also quantified the correlation between the den-
sity and potential fluctuations at different locations. We have
found that this correlation is largest at the locations where
the radial shear in the poloidal angular velocity (associated
to the dominant mean E x B flow) is weaker. But even at the
locations where the shear is weaker and the correlation
strongest, the dynamics do not seem to be capable of estab-
lishing the kind of long-term correlations that we see in hot-
ter tokamak/stellarator plasmas.

These results and conclusions are consistent with past
theoretical studies carried out in the context of a diffusive
running sandpile as a paradigm for a confined plasma®-°
and with numerical simulations of drift wave turbulence in
near-marginal conditions.?”-*® These studies showed that the
presence of any memory-erasing mechanism that competes
with turbulent transport could, even when close near-
marginal conditions, impede the establishment of any long-
term correlation even at subdominant strengths. It is not clear
whether the cold, weakly ionized plasmas inside SLPM are
close to marginality or not. But even if they were, the large
collisional diffusion present at temperatures of a few eVs
could play the role of a memory-erasing mechanism.
Another possible candidate could also be the losses caused
by free-streaming along the open field lines in the linear de-
vice. Either way, the final result would be a system where
turbulent transport would behave rather diffusively. In con-
trast, the closed field lines and the very low diffusivities typi-
cal of hot tokamak/stellarator plasmas could open the
possibility for the observation of different transport dynam-
ics. Of course, our results do not exclude the possibility that
a cold plasma may exhibit non-diffusive dynamics, if it
could be brought into a regime in which near-marginal con-
ditions may be achieved. But they certainly suggest that their
dynamics are not universal, but regime-dependent.
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