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The power spectrum and the probability distribution function (PDF) of the turbulence-induced particle flux I" in
the velocity shear layer of the HT-6M edge region have been measured and analysed. Three regions of frequency
dependence (f°, f~1, f~*) have been observed in the spectrum of the flux. The PDF of the flux displays a
I'! scaling over one decade in I'. Using the rescaled-range statistical technique, we find that the degree of the
self-similarity (Hurst exponent) of the particle flux in the measured region ranges from 0.64 to 0.83. All of these
results may mean that the plasma transport is in a state characterized by self-organized criticality.

PACS: 52.40. Hf, 52. 25. Gj, 52.55. Fa

Recently, the self-organized criticality (SOC)!
models as an effective mechanism to explain the
anomalous transport in magnetically confined plasmas
have been highly evaluated.>=4 SOC systems can re-
lax by avalanches (transport events of all sizes up to
the system scales), so they are generally less sensi-
tive to underlying parameters such as local fluctua-
tions and gradient drives. SOC systems usually have
two characteristic qualities: 1/f noise in power spec-
tral “fingerprint” ! and fractal (self-similar) structure
both on temporal scale and in spatial aspects.[’] The
1/f behaviour is caused by the random overlap of the
avalanches, and the self-similarity of fluctuations is an
indication of the existence of long-range correlations.
Simulations based on plasma instabilities (the resis-
tive pressure-gradient-driven turbulencel®! and the ion
temperature gradient turbulencem) have shown the
SOC behaviour. Several experimental measurements
(the plasma density, the floating potential and particle
flux) also displayed the 1/f spectrum characteristics
of SOC in magnetically confined plasmas.!*! In Ref. [8],
we reported our results of the electrostatic fluctuations
of the plasma density and the floating potential mea-
sured in the HT-6M tokamak. Results showed that, by
considering the Doppler effects caused by the plasma
E, x B, flow velocity, all the Fourier power spectra
have three distinct frequency regions with the spectral
decay indices that are typical of SOC systems (0, —1
and —4). In this letter we focus on the properties of
the radial particle transport due to electrostatic fluc-
tuations at the plasma edge of the HT-6M tokamak.
Analyses show that the turbulence-induced particle
flux I' has both of the characteristics: 1/f spectrum
and self-similar structure. Furthermore, the proba-
bility distribution function (PDF) of the particle flux
I' also displays a 1/I" scaling over one decade of I,
which is a signature of the outward going particle flux
with a long decay tail.

The experiments have been done in the ohmically
heated discharges on the HT-6M tokamak. The de-
tails of the basic parameters of the device and the
discharge conditions are the same as those in Ref. [8].
The plasma duration is about 70ms with the cur-
rent flat-top of 20ms. A square array (side 2mm) of
four single Langmuir probes (each tip 2mm in length
and 0.5mm in diameter) is used as a triple probe to
provide local measurements of the fluctuating elec-
tron density m, and floating potential ¢¢. Here 7,
is estimated directly from the ion saturation current
and floating potential fluctuations with neglecting T..
The time-resolved turbulent particle flux is defined as
I (t) =7 (t) Eg (t) /By, where Ey is the poloidal elec-
tric field fluctuation and deduced from qu measured by
poloidally separated probes. The probe tips are ori-
entated off the field lines to avoid shadowing of probe
tips from each other. The profiles are measured with
a shot-to-shot scan, and the measurements at each
radial position are carried out in several identical dis-
charges. All the data for analysis were collected during
the period of the plasma current plateau and digitized
at IMHz with 12-bit resolution using a multichannel
digitizer.

The plasma E, x By rotation effect on the spec-
tral decaying indices of the edge fluctuations has been
thoroughly discussed in Ref.[8]. For the turbulence-
induced fluxes, the calculation showed that the effect
is similar. Therefore, to avoid unnecessary repetition
and to make it easy to compare with the predictions
of SOC models, in this letter we mainly approach the
data from the position where E, = 0, except for the
radial profile of the H exponent.

Figure 1 shows the temporal behaviour of the nor-
malized particle flux I}, episode. I}, is defined as
I, =TI(t)/ (I (t)), where angular brackets mean the
time averaged over the duration of 20ms. We can
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see that most of the time the particle transport is di-
rected radially outwards and intermittent, i.e. a great
many parts of the flux are carried out by a few large
events within a very short time duration. To check
this quantitatively, we integrated the transport events
in magnitude and corresponding time intervals. The
results show that nearly 10% of the largest outward
flux events are responsible for 50% of the total trans-
port. Similar results have also been obtained from
other devices.[?"19 To explore further the properties
of the flux, we need to study its probability distribu-
tion function and the Fourier power spectrum.
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Fig. 1. Time signal of the radial normalized particle flux
I, (t). Data are taken from the position where E, =~ 0.
The solid horizontal line refers to the fact that the large
outward events above it within about 10% of the time hold
a 50% portion of the total transports.
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Fig. 2. The PDF of the flux I, (¢) shown in Fig. 1.

The PDF of the normalized turbulence-induced
particle flux p(I3,) is calculated by p([,) =
N, /N.' Npis the number of values of I}, that
fall within the range I, = W/2, where Wis the length
of an interval centered at I, and N the total number
of data points in the sample. Figure 1 shows that val-
ues of I}, mainly range from —10 to 20, hence, the full
range of I, values can be divided into 60 intervals of
equal length (W = 0.5). The p(I},) of the local flux
is plotted in Fig.2. Apparently, the curve is asym-
metric and has a long decaying tail that is caused by
the large burst events. It is the tail that reveals the
characteristic property of the long-range correlations

of turbulent transport, i.e. the self-similar nature. We
will further discuss this later in this letter.
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Figure 3 shows the power spectrum and the PDF
of I' (t). It is easily found in Fig. 3(a) that the spectral
structure has three decay regions (f°, f=1! and f=%)
which is the typical feature of the SOC system. Ac-
cording to the explanations of Hwa et al,[11] the low
frequency f° scaling region exhibits system-wide dis-
charge events; the intermediate frequency regime with
f~! scaling accounts for the random superposition of
avalanches and the high-frequency region of f~* de-
pendence (the indices of 3.5 to 4.5 are reasonable, for
example see Ref. 4) is dominated by single avalanches.
In addition, the PDF of the flux, p (I"), also shows two
distinct power law dependent ranges, I' ™! and I' ™%, as
shown in Fig. 3(b). In the region proportional to I"~!
scales over one decade of I', the flux has a self-similar
nature and, further, all events are equally important
in terms of their contribution to the transport./*! Note
that in Fig.3(b) only the outward part of the flux is
plotted, with the inward portion being omitted for its
much smaller magnitude.

To determine accurately the long decaying tail of
the flux (i.e. self-similarity structure) in finite time se-
ries, a rescaled-range statistics (R/S) method'? has
been proposed. This method uses the Hurst exponent
(H)'*! as an indication of the degree of the long time
correlation. Thus the Hurst exponent (H) is called the
self-similarity parameter. For a time series of length
n, X ={X;:t=1,2,---,n}, with a mean value X (n)
and variance S? (n), the R/S ratio is defined as

R(n)
(n)

0

_ max (07W11 W27 B 7Wn) — min (07 W17W27 C 7Wn)

5% (n)

Here Wi, = X1 + Xo + - - -+ X — kX (n). The ex-

pected value of R/S scales as E[R/S] M)/\nH,
where H is the Hurst exponent. For 0.5 < H < 1,
there are long-range time correlations in time series;
for 0 < H < 0.5 one sees long-range anticorrelations;
H = 1 means the process is deterministic and H = 0.5
corresponds to a short-range dependences.

We apply the R/S method to the flux time series
obtained from different radial positions near the veloc-
ity sheared layer. A typical plot of R/S of the I'(t)
versus time lag is shown in Fig. 4(a) (data are obtained
from the same position as in Fig.1). We can see that,
except for the initial phase which may be linked with
the decorrelation time of I' (t) (about 20 us), the plot
tends toward an “asymptotic” power law over a broad
range of time lags from the order of 107! to 10ms.
The upper limit of the range is set by the sampled
data length (20ms). A fitting line gives H ~ 0.64.
Figure 4(b) provides the radial profile of H of the par-
ticle flux I' (t) near the velocity sheared layer. The H
values vary between 0.64 and 0.83, well above 0.5. A
noticeable feature is that at E,. = 0 position H value of
the flux reaches its minimums, almost the same as for

n and ¢¢ (neither shown here). These results support
the assumption of the SOC models that the shear flow
can suppress long-range correlation[?! and are similar
to H calculations for data from other devices.['*]

From all above results we can infer that the
turbulence-induced transport in the edge of HT-6M is
mostly caused by the huge burst events. These events
have intermittent and long time correlation charac-
teristic properties, thus can be seen as avalanches. In
other words, the transport is an SOC-type behaviour.

In conclusion, to better understand the underlying
transport dynamics, the power spectral analysis and
the rescaled range statistics techniques (R/S) are ap-
plied to the turbulence-induced particle flux and its
PDF measured by Langmuir probes. Three regions of
frequency dependence (f°, f~1, f~*) have been ob-
served in the spectrum of the flux. The PDF of the
flux displays a I'~! scaling over one decade in I". By
the R/S technique, we find that the degree of the self-
similarity (Hurst exponent) of the particle flux in the
measured region ranges from 0.64 to 0.83. All these
results are well consistent with the characteristic prop-
erties of an SOC system. This means that the edge
plasma turbulence in the HT-6M tokamak may evolve
into a critical state independent of local plasma pa-
rameters. It should be noted that investigations here
are only for temporal behaviour. To fully understand
the mechanism of the edge plasma turbulence-induced
transport in magnetically confined devices, the explo-
ration of the self-similarity in spatial scale is urgently
needed. The relevant experiments are underway.
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