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For a better understanding of long timescale transport dynamics, the rescaled range analysis techniques, the

autocorrelation function (ACF) and the probability distribution function (PDF) are used to investigate long-range

dependences in edge plasma fluctuations in an HT-6M tokamak. The results reveal the self-similar characters of

the electrostatic fluctuations with self-similarity parameters (Hurst exponent) ranging from 0.64 to 0.79, taking into

consideration the E, x B rotation-sheared effect. Fluctuation ACFs of both the ion saturation current and the floating

potential, as well as PDF of the turbulence-induced particle flux, have two distinct timescales. One corresponds to the

decorrelation timescale of local fluctuations (us) and the other lasts to the order of the confinement time (ms). All

these experimental results suggest that some of the mechanisms of the underlying turbulence are consistent with plasma

transport as characterized by self-organized criticality (SOC).
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I. INTRODUCTION

It has been known that the anomalous trans-
port in magnetically confined plasmas has a char-
acteristic quality called self-similarity, i.e., transport
by avalanches (relaxation through transport events
of all sizes), which is independent of the underlying
local fluctuation mechanisms.[!=3 This self-similarity
concept is generally linked to the long-time correla-
tions in the dynamics of the fluctuations. In order
to delve deeper into this mechanism, a model based
on the concept of the self-organized criticality (SOC)
has been proposed.[*® According to the SOC model,
the dominant scales in the transport dynamics with-
out sheared flow are the system scales (the order of
the confinement time) rather than the underlying lo-
cal fluctuation scales; the addition of sheared flow
into the dynamics leads to a reduction of the system-
scale transport events. Comparative analyses of the
edge plasma fluctuations based on experimental data
in the absence of sheared flow from several devices

have been made.[6—9]

However, these measurements
are done near the location of E,.=0 to avoid the influ-

ence of the plasma FE, x B rotation, where E, is the

radial electric field and B the toroidal magnetic field.
Thus, more detailed investigation of the turbulence-
induced transport behaviour with sheared flow effect
in the edge region is needed for testing the SOC mod-
els.

In this paper, we apply three statistical analy-
sis techniques to the electrostatic fluctuations and the
turbulence-induced particle transport flux measured
by Langmuir probes in the edge region where E. #0
(having poloidal sheared flow velocity) on the HT-6M
tokamak. The self-similarity of a time series fluctua-
tion is usually reflected by its autocorrelation function
(ACF) with a narrow peak around the time lag zero
and a slowly decaying tail for long time lags. How-
ever, because of short available data sets, it is hard
to accurately determine the long tail of an ACF in
magnetic fusion devices. The rescaled range statis-
tics (R/S) technique, proposed by Mandelbrot and
Wallis['! and based on a previous hydrological analy-
sis by Hurst,'*) can be applied to determine this long-
time dependence by way of evaluating the Hurst ex-
ponent (H). The effect of the sheared flow can be

clearly described as the reduction in the value of the
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In addition, statistically, the self-
similarity can also be characterized by the asymmetry
of the probability distribution function (PDF) of the

turbulence-induced particle flux.

Hurst exponent.

The remainder of this paper is organized as fol-
lows. In sec.ql, the experimental set-up for the mea-
surement of fluctuations and turbulence transport flux
is described. An ACF plot of the ion saturation cur-
rent fluctuations is also given here. The R/S analysis
is technique employed to determine the self-similarity
parameter is shown in sec. IlI. Section IV is dedicated
to the property of the local particle flux PDF. Finally,

the conclusions are presented in section V.
I. DESCRIPTION OF EXPERIMENTS

The experiments were conducted for the ohmi-
cally heated hydrogen discharges on the HT-6M toka-
mak with a major radius R=65cm, minor radius
a=18.5 cm defined by a full poloidal limiter, toroidal
magnetic field B ~0.9T, plasma current I, ~65kA,
chord-averaged electron density 7 ~ 0.85 x 10m™3,
and loop voltage V7 ~ 3V. Fig.1 plots some typical
discharge waveforms (shot number 19509) of the dis-
charge parameters above. We can see from Fig.1(a)
that the plasma current lasts about 70 ms with a flat
top of 20ms (20-40ms). In this current plateau, the
parameters such as edge H, emission and the vertical
displacement A; of the plasma column do not obvi-
ously change (shown in Fig.1(b)). A; varies within
1 mm, which is less than the radial extension of the

diagnostic probes (=2 mm, described as follows).
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Fig.1. (a) Waveforms of plasma current I, and loop
voltage Vi. (b) Edge H, emission and the vertical
displacement At of the plasma column (shot number

19509).

The experimental set-up consists of two sets of
probes mounted on the top of the tokamak along
the central line, ~ 180° toroidally displaced from the
poloidal limiter. One square array of four identical
tips (each tip 2mm in length and 0.5 mm in diameter
with 2 mm separation between adjacent tips, made of
molybdenum wire), operated as a triple probe, was
used to provide simultaneous and local measurements
of equilibrium quantities of the ion saturation current
I(t), electron temperature Te(¢), and density ne(t),
fluctuations of the ion saturation current fsi(t) and
electron density 7.(t). Here I ;(t) (and the same as
qNSf(t) below) is directly obtained by isolating the di-
rect part of a signal. The fluctuation 7i.(t) can be
estimated by 7e(t) = ne(t)Is(t)/Li(t) by neglecting
T..121 Another array with one tip (tip 4) separated
radially by 2mm from other tips (other design pa-
rameters are the same as the former) was operated as
four single Langmuir probes to simultaneously mea-
sure the equilibrium and fluctuating values of the
floating potentials (¢¢(t), <Z>f(t)), from which the equi-
librium values of the radial electric fields FE,(t) and
fluctuations of the poloidal electric fields Eg(t) are
deduced respectively (i.e., E, = (¢u(t) — ¢n1(2))/ A,
and Eg(t) = (fp(t) — ¢(t))/As; here, A, and Ay
are the radial and poloidal separations of tips, respec-
tively). In Ey(t) the temperature fluctuation effect is
neglected as well. The probe tips are orientated off the
field lines to avoid shadowing from each other. The
profiles are measured with a shot-to-shot scan, and
the measurements at each radial position are carried
All the data for

analysis are taken in the plasma current flat top and

out in several identical discharges.

digitized at 1 MHz with a 12-bit resolution, using a
multichannel digitizer.

To consider the poloidally sheared effect caused
by E. X B rotation, an accurate measurement of the
profile of the poloidal flow velocity is required. It
has been reported that the E, phase velocity v, of
the fluctuations perpendicular to B measured with a

two-point correlation techniquel*314l in the laboratory

frame of reference, v, = Z %S(w,k)/ZS(w,k), is
w,k w,k

determined by vy =< E, > /B effects.!'®] Here, w,
k and S(w, k) are the frequency, wavenumber and the
local power spectrum density, respectively. In this pa-
per, < --- > represents the ensemble average over the
statistically similar realizations obtained from all re-

peated discharge shots with 20 ms length at the same
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position. Moreover, concurrent measurements on the
radial profiles of E, and the other terms of the radial
force balance equation for the main ion in the ohmic
confinement regime of the HT-6M tokamak have found
that the E, profile is dominated by the poloidal flow
term —uvyB.['8] Therefore, in this experiment, we use
the phase velocity v, of fluctuations and vy to es-
timate the poloidal flow velocity v,. Fig.2 shows the
typical radial profiles of the poloidal phase velocity v,
vg and the radial electric field < E. > in the plasma
boundary region. It can be seen that v, and vy are
in close agreement. Moreover, we can find that in the
proximity of the limiter radius location (r=18.2cm),
Up, Vg and E, change their sign. This means that a
mild poloidal velocity shear layer is formed close to
the last closed flux surface, in which the plasma ro-
tates in the electron diamagnetic drift direction inside

the limiter and reversely in the scrape-off layer.
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Fig.2. Radial profiles of the poloidal phase velocity vp
(line and closed squares), vy (smooth curve) and the
radial electric field E; in the plasma boundary region.
wx,e and wy ; refer to the electron diamagnetic direc-

tion and the ion diamagnetic direction, respectively.

The ACF of a time series fluctuation signal X (r, )
is usually defined as
X(r, )X (r,t
ACF(T, 7_) — <~ (T7 ) (T7~ + T) > , (1)
< X2%(rt) >< X2(r,t+ 1) >

where 7 is the time lag. Fig.3 shows a typical ACF
curve episode of I at the position r=18.2cm. The
curve can be divided into two sections in timescale
ranges: a narrow central peak around the time lag
zero and long time tails. The former carries informa-
tion on the correlation of the local fluctuations (the
width of the peak—the time lag corresponding to e™!

of the peak—stands for the turbulence decorrelation

time 74), for the ion saturation current measured in
the HT-6M tokamak, 7q is 18 us. The latter, corre-
sponding to time lags much longer than 74 but less
than the confinement time (70 ms), shows a slow al-
gebraic decay (107! ms), whose timescale is called the
characteristic time of avalanches (or self-similarity). It
is interesting to point out that the ACF's of the floating
potential cf;f and turbulent transport flux have a simi-
lar characteristic property which, together with other
characteristic properties (intermittent, f ! noise, etc)
of the edge fluctuations, forcefully display consistence
with the predictions of the SOC model.
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Fig.3. ACF episode of the ion saturation current mea-

sured at r=18.2 cm where E.

m R/S METHOD AND DETERMINATION
OF THE SELF-SIMILARITY PARAME-
TER

To accurately determine the slowly decaying tail
of the ACF in a finite time series, a rescaled-range
statistics (R/S) method based on a previous hydro-
logical analysis by Hurst has been proposed by Man-
delbrot and Wallis. This method can effectively deter-
mine the long-time correlations of the ACF in fluctu-
ation by the Hurst exponent (H). Thus, the H expo-
nent is called the self-similarity parameter. For a time

series of length n, Y = {Y; : t = 1,2, ...,n}, with mean
_ 1<
value Y (n) = — E Y (¢) and the standard deviation
n
=1

> (Y(i) = Y(n))?, the R/S ratio is

i=1

1

n—1

S(n) =

defined as
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R(n)
S(n)
~ max(0, Wy, Wa,---,Wy) — min(0, Wy, Wy, ---, W,,)
- S(n) ’
(2)
k
where W}, = ZY(z) — kY (n). The expected value
i=1

of R/S scales E[R/S] o nl as n — oo, where H is
the Hurst exponent. For 0.5 < H < 1, there are long-
range time correlations; for 0 < H < 0.5, the series
has long-range anticorrelations; H=1 means the pro-
cess is deterministic and H=0.5 corresponds to a series
with short-range dependences. According to Ref.[17],
in comparison with the direct determination of the
ACF or other alternative techniques of H calculating,
the R/S method is robust.
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Methodically, we first calculate R/S in each shot
data (20000 points), then average them over shots
corresponding to different n to get mean R/S time
series for each position, from which the H value can
be obtained from the guideline of the mean R/S plot.
A typical plot of R/S of I; versus the time lag T is
shown in Fig.4(a). We can see that, after the ini-
tial phase that is linked with the decorrelation time
of the fluctuations 74, R/S tends toward an “asymp-
totic” power law over a broad range of time lags from
an order of 10! to 10 ms. This range over which H
can be determined (H =0.76 for Fig.4(a)) is called
the “self-similarity range”, whose upper limit is set by
the sampled data length (20 ms). The error bars are
estimated by the statistical dispersion of the results
from several samples of data. Fig.4(a) shows clearly
that the self-similarity range is much longer than the

turbulence autocorrelation time 74.
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Fig.4. (a) R/S as a function of time lag for Iy; at r=19.6cm. (b) Radial profiles of H values of I and V;.

According to the results of the sandpile model in
Ref.[5], a sheared flow may reduce the long timescale
correlation by reducing the system-scale transport
events and commensurately increase the fluctuation-
scale transport events to maintain a constant flux. So,
experimentally measuring the radial profile of Hurst
exponents versus the poloidal sheared flow is very im-
portant for identifying the edge transport mechanism
of SOC model. Fig.4(b) illustrates the radial profiles
of H values of I, and V;. We can see that the H
profiles of I, and V; are very similar with values be-
tween 0.64 and 0.79, well above 0.5. It is well worth
noticing that, at the maximum velocity shear loca-
tion (18.2 cm) where v, =0, values of H of both I, and

V; reach their minima (~0.64) respectively, on either

side of the velocity shear layer where v, # 0, values of
H are larger. These results support the assumption
of the SOC model that the shear flow may suppress
long-range correlation!®! and are similar to H calcula-
tions in other devices.®!

Of course, the long-range correlation identified
here may not necessarily be long range in time. They
could be caused by the long-range dependences in
the poloidal variable. Because these edge flows have
shear, it is not possible to resolve this ambiguity by
analysing data taken at the position of zero flow. For-
tunately, from the perspective of detecting signatures
of SOC behaviour in plasma transport, the distinction
between long range time and poloidal correlations is

less important.[!8! In either case, such dependences are
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consistent with plasma transport mechanisms based

on avalanches.

IV.PROPERTY OF THE PDF OF THE LO-
CAL PARTICLE FLUX

The self-similar characteristic property also ex-
hibits itself in the PDF of the local electrostatic
turbulence-induced particle flux. A local time-
resolved radial particle flux is defined as I'(t) =
7(t)Eg(t)/B. Its normalized flux I'y(t) = I'(t)/T is
Practically, the
local particle flux PDF p(I,) can be calculated by
p(Iy) = Np, /N.¥ For each time sample, N is
the number of values of I, that fall within the range
I, £ (W/2), where W is the length of an interval cen-
tred at I, and N is the total number of data points
in the sample. Typically, the value of I, ranges from
—20 to 20; hence, the full range of I}, values is divided
into 80 intervals of equal length (W=0.5).

Figure 5 shows a typical time evolution of I},

normalized to its time mean value.

measured in the proximity of the velocity shear layer
(shot number 19509, r=18.2 cm). The flux is predomi-
nantly positive (i.e., the particle transport is outward)
and intermittent. To better understand these features
we integrated the transport events in terms of differ-
The results
showed that nearly 50% of the total transport was car-

ent amplitude and their time intervals.

ried out by those largest outward events (taken 10%
of the total events, or in other words, within 10% of
the time), similar results have also been obtained in

[19,20]

other devices. It is this property that results in

a long decaying tail of the local particle flux PDF.
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Fig.5. Time evolution episode of the local normalized
particle flux I'y at =18.2 cm where E;=0 (shot num-
ber 19509). The solid horizontal line refers to the fact
that the large outward events above the line hold 50%
of the total transports within 10% of the whole time.

Figure 6, the curves of p(I,) at three different ra-
dial locations, displays the asymmetrical features and

long decaying tails of the flux PDF. This deviation

from a Gaussian distribution is mainly caused by large
amplitude transport events (bursts outwards). It is
obvious in Fig.5 that the intermittence of the PDF
has an order of 0.1 ms temporal repetition that is well
consistent with the long correlation time of the fluc-
tuation ACF. So, we can confidently infer that the
long tail of the particle flux should be related to the
self-similarity of the electrostatic turbulence-induced
particle transport. In other words, this burst trans-
port can be treated as an avalanche process character-
ized by the SOC model. Note that in Fig.6 the radial
dependence of the local flux PDF seems slight. Ac-
cording to Ref.[19], the effects such as velocity shear
caused by the plasma E. x B rotation and low rational
q surfaces should be reflected in the symmetry of the
flux PDF. Further research on this is in preparation.
It also should be noted that the asymmetry of the par-
ticle flux PDF might be interpreted by other models,
such as the resistive pressure-gradient-driven turbu-
lence model, etc.?!l To distinguish them, we need to
compare other features of the local turbulence-induced
particle transport flux. The most relevant distinction
between models is in the different characteristic radial
scale length of the flux.['®! So, it is our present study

to compare the correlations of fluxes at different radial

positions.
0.20F —e— r=19.6cm
—o—r=18.2cmn
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Fig.6. Comparison of the flux PDF's of three positions

in the velocity shear layer.

V. CONCLUSIONS

To better understand long timescale transport dy-
namics, we apply the R/S analysis, the ACF and the
PDF statistical analyses to investigate the long time
range dependences of edge plasma fluctuations in an
HT-6M tokamak. The results display the self-similar
characters of the electrostatic fluctuations with self-
similarity parameters (Hurst exponent) ranging from
0.64 to 0.79, taking into consideration the E. X B ro-
tation sheared effect. Both ACFs of qNSf and fsi and
PDF of the turbulence-induced particle flux have two
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distinct timescales. One corresponds to the decorre-
lation timescale (of the order of us) of local fluctua-
tions and the other lasts much longer than the former
and less than the confinement time (of the order of
ms). The asymmetric profile of the PDF reveals the
outward bursting property of the local particle flux.
Despite the fact that there might be other interpreta-
tions for it, the characteristic feature of the flux PDF
is in close agreement with the predictions of the SOC

model. All these experimental results suggest that

some of the mechanisms of the underlying turbulence
are consistent with the plasma transport as character-

ized by SOC.
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