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Long-Range Time Correlations in Plasma Edge Turbulence

B. A. Carreras, B. van Milligen? M. A. Pedros&, R. Ballbn,> C. Hidalgo? D. E. Newman), E. Sanchez,M. Frances,
I. Garéa-Cortés, J. BleuelP M. Endler? S. Davies' and G. F. Matthew's
'Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-8070
2Asociacion Euratom-Ciemat, 28040 Madrid, Spain
3Max-Planck-Institut fur Plasmaphysik, Euratom Association, 85740 Garching, Germany
4JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, United Kingdom
(Received 20 January 1998

Analysis of the edge plasma fluctuation in several confinement devices reveals the self-similar char-
acter of the fluctuations through the presence of long-range time correlations. These results show that
the tail of the autocorrelation function decays as a power law for time lags longer than the decorrelation
time and as long as times on the order of the particle diffusion time. The algebraic decay of the long-
range time correlations is consistent with plasma transport characterized by self-organized criticality.
[S0031-9007(98)06077-3]
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Complex natural systems are often governed by selfeharges. The SOC behavior of the bulk plasma transport
organized criticality (SOC). The concept of SOC [1]is expected to be a characteristic of higher-power plasma
brings together the ideas of self-organization of nonlineadischarges in the so-called low confinement regime. The
dynamical systems with the often observed near-criticateason for analyzing lower-power plasmas is that we study
behavior of many natural phenomena. These phenomerege plasma fluctuations, and it is at the edge where the
exhibit self-similarities over extended ranges of spatialSOC behavior is expected to manifest itself first. As
and temporal scales. In such systems, scale lengths méye power increases, this zone would extend toward the
be described by fractal geometry and time scales that leagbre and cause the characteristic confinement deteriora-
to a power spectra that decreases as the inverse of thien of the low confinement mode. Furthermore, at high
frequency {/f-like). Self-organized criticality provides power, the plasma edge will be in a continuous avalanch-
an intimate connection between scale invariance in boting regime in which correlations are more difficult to
space and time. detect because of the randomization caused by frequent

It has been suggested that the SOC approach should beerlapping.
used to understand some characteristics of plasma trans-We emphasize that our goal is the identification of
port [2,3]. Numerical plasma turbulence calculations [4]long-time dependencies in the fluctuation data. In other
including profile evolution have shown some of the char-words, we study how the tail of the autocorrelation
acteristic properties of the SOC systems: existence dinction of the fluctuations decays. The autocorrelation
a critical profile gradient and transport by avalanchesfunction of the edge plasma fluctuations has a narrow
There is some indirect experimental evidence for SOC bepeak at time lag zero and a slowly decaying tail (that
havior of magnetically confined plasmas in the so-callednay have oscillations). The peak of the autocorrelation
low confinement regime. Phenomena such as the rdunction carries information on the correlation of the
silience of plasma profiles to changes in the location of thdocal fluctuations, while the information on avalanches
heating source and Bohm scaling of the diffusivities couldwould be revealed by an algebraic decay of the long-
be consequences of SOC dynamics. Self-organized crittime correlated events. Such an algebraic decay of
cality may also explain some of the nonlocal behavior ofthe probability distribution function of the avalanche
ten observed in perturbative experiments. However, it iglurations is a characteristic of a SOC system [5,6].
difficult to devise a direct test of transport by avalanches. To accurately determine the tail of the probability dis-
The most obvious test would be the determination otribution function, very good statistics are required. This
propagating long-range radial correlations of the turbuis a problem for plasma turbulence studies in magneti-
lence. Such a test is difficult to implement experimen-cally confined devices because of the short duration
tally because it would require the simultaneous detectioof the plasma discharges. However, there are tech-
of fluctuations at many radial locations. Therefore, beforeniques that seem to be effective for the determina-
planning such a complex experiment, it is convenient tdion of long-range dependencies in a finite time series.
look for long-range time correlations that can also be in-One such method is the rescaled adjusted range statis-
duced by avalanchelike transport. tics (R/S statistics) proposed by Mandelbrot and Wal-

In the present study, we consider low-power ohmicallylis [7] and based on a previous hydrological analysis by
heated or electron cyclotron-heated (ECH) plasma disHurst [8].
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For a time series of length, X = {X,: t = 1,2,...,n}, A typical plot of R/S versus time lag is shown in
with mean X(n) and varianceS?(n), the R/S ratio is  Fig. 1. For time lags smaller than a few decorrelation
defined as times, there is a transient with a nearly constant slope,
R(n) with a value close to 0.9 in general. After this initial

St phase,R/S settles on an “asymptotic” power law (con-
tinuous line in Fig. 1) that is used to determine the value
max0, Wi, W, ..., W,) — min(0, Wi, Wa,..., W,) of H. The last few points on the high-lag end are not
S2(n) ’ taken into consideration because they lack statistical sig-
(1) nificance, because the size of the subblocks is of the order
whereW, = X, + X, + --- + X, — kX(n). For a se- of the size of the time sample. The error bars are esti-

quence with short-range dependencies, of which a rarjnated by the statistical dispersion of the results from the

dom signal is an extreme case, the expected value of thiifferent subblocks of data. The range of the time lags
ratio scales a[R(n)/S(n)] — An®5. However, for OVer wh|chH is determined is the self-snmlanty range
phenomena characterized b;joéng—range dependencies gyyen n Table 1 for eac_h data set. Typically, they are
scales a€[R(n)/S(n)] — An", with H = 0.5. Here stveral or_ders_ of magr_utude longer than the tl_th)_u!ence

i R ’ e ' decorrelation time, and in most cases the upper limit is set
H is the so-called Hurst parameter. A const#htpa-  py the availability of data. The turbulence decorrelation
rameter over a long range of time lag values is consistefifme r,, is the autocorrelation time estimated at the zero
[9] W|th Self'SimiIarity Of the Signal and an autOCOI’rela- Ve|0C|ty p0|nt |n the shear |ayer for each data set.
tion function p;” = 62(h2F)/2. Here, the superscript ~ The main result of our analysis is that, for all data
m indicates the autocorrelation for the averaged processets, the Hurst parameter is constant and well above
X = {X": y =1,2,...,n/m} resulting from averag- 0.5 over the self-similarity range. This result is a clear
ing the original sequence over nonoverlapping blocks ofndication of the existence of long-range dependencies
sizem, X" = (Xyp—m+1 + -+ + Xym)/m. The opera- in the fluctuation dynamics. Because the self-similarity
tor 8 is the second-order central derivative operator inrange involves time lags from the fluctuation time scales
finite differencesh is the time lag, angg = 2 — 2H. In  to transport time scales, it is also an indication that there is
comparison with the direct determination of the autocorno clear separation of time scales between the fluctuation
relation function or other alternative techniques of calcu-and the transport dynamics. In Table (H);, is the
lating the value of, the R /S analysis is robust [10]. radial average off in the plasma edge an@ )., in

In the present study, the data analyzed are edgthe scrape-off layer. The: indicates the radial variation
Langmuir probe measurements from three stellaratorgf H; it is not an error bar. Within the plasma, the
TJIU [7, = (1-5) X 10¥ m™3,B; = 0.67 T] [11], Hurst parameter varies between 0.62 and 0.75, a relatively
W7-AS [7, = (1-2) X 10" m™3,B; = (1.25-2.52) T]  small range given the diversity of plasma confinement
[12], and ATF [7, = (3-6) X 10 m™3,B; = 1 T]  devices considered. In the scrape-off layer, the values
[13], in the ECH heat regime. We have also considere@f H have a broader range of variation. This variation
two tokamaks, TJ-l[7. = (1-2) X 10" m™3, By =  could reflect the diversity of scrape-off-layer conditions
(0.8-1.4) T], and JET[m, = (1-2) X 10" m3,B; =  for the devices considered and also the loss of scrape-
2.6 T] [15], in the Ohmic heated regime. Hefg, is the off-layer behavior outside the last closed flux surface. In
averaged plasma density aBg is the toroidal magnetic Fig. 2, we have plotted the radial profile &f for three
field. The available data correspond to radial probe scanstellarator configurations. We use as the “radial” variable
with positions that are close and within the edge shearegd the distance in real space between the position of the
flow layer. A summary of the results of the analysis isprobe and the zero-velocity point in the shear flow layer,
given in Table I. and we do not take into account the geometry of the

TABLE I. Summary of the data analyzed. In the tallH,);, ((H)..) is the averaged value of the Hurst exponent in the plasma
edge,x > 0 (scrape-off layerx < 0), region of the plasma (see Fig. 2). In the case of W7-AS, two configurations with different
edge rotational transforms, are considered.

Number of Self-similarity
Device time series (H (H )out 7 (1) range (ms)
TJ-1 9 0.75 + 0.03 0.75 + 0.04 3.0 0.1-2.0
JET limiter 4 0.52 + 0.04 29.0 0.1-2.0
JET divertor 4 0.63 + 0.03 19.0 0.1-2.0
TJ-IU stellarator 21 0.64 £ 0.03 0.67 = 0.01 6.0 0.1-2.0
WT7-AS ¢, = 0.243 24 0.62 = 0.01 0.60 = 0.04 20.0 1-20
WT7-AS ¢, = 0.355 29 0.72 = 0.07 0.66 = 0.06 19.0 1-20
ATF 20 0.71 + 0.03 0.92 + 0.07 34.0 1-12
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ORNL 96-1313 EFG turbulence, do not allow the extraction of the valuefbf

10° T ' T ' E A careful selection of the data is needed to avoid samples

F ] dominated by plasma drifts. However, these phenomena
4 do not produce misleading interpretations férbecause
] they carry clear signatures that allow the exclusion of data
that do not provide information on the plasma turbulence.
The consistent determination & has also been cross-
checked with the determination of the scaling with the lag
_: of the variance and probability of return. These details of
] the analysis will be discussed elsewhere. In the case of
stellarators, magnetic islands may be present in the scrape-
3 off layer (t, ~ 1in ATF and:, ~ 0.25 in W7-AS). The
: effect of such magnetic islands on the fluctuation, and

R/S

107 . ‘ s - ) thereforeH, is not yet clear.
10 102 10! 10° 10’ 10° The calculation ofH is rather robust. In Fig. 3, we
Time Lag (ms) have plotted the radial profile off for three plasma

FIG. 1. Plot of the expected value &f/S as a function of the discharges in W7-AS with similar plasma parameters

time lag for one of the time series of W7-AS with = 0.243. and corresponding to a configuration with edge rotational
The continuous line is a power fit to the asymptotic values. ~ transform:, = 0.243. The error bars are calculated from

a power fit to R/S taking into account the statistical

error in the individual estimates at/S. Although the
flux surfaces. Negative values af correspond to the error bars are comparable to the radial variation, the
scrape-off layer and positive ones to the edge plasmeadial profile is reproducible. In Fig. 2, we have plotted
region. This figure illustrates the different behavior inthe radial profiles that result from averaging over these
the scrape-off layer. A similar conclusion may be drawnthree discharges. The situation is similar for the other
from the two JET results in Table | that correspondsconfigurations,
to the same discharge parameters operating initially in Cellular automata based on the sandpile dynamics have
a limiter configuration and switching later to a divertor been a standard model in studying generic properties
configuration. Unlike the other devices, the JET data setef self-organized criticality [1,6]. The model is based
are much shorter than the confinement time of the devicean the existence of a critical sandpile slope. When by

Potential problems in the determination & are random addition of grains of sand the critical slope is

the existence of coherent MHD instabilities or sawtoothreached, grains of sand fall down the pile in a prescribed
oscillations and plasma drifts. These phenomena produgeanner. The dynamical process shows that in steady state
a clear signal in the value ak/S that, although they the sandpile slope is, in averaged sense, well below the
cannot be confused with long-range dependencies in theritical slope and yet the transport of sand is still produced
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FIG. 2. Radial profile of the Hurst paramet#@rfor three dif- FIG. 3. Radial profile of the Hurst parametéfr for three
ferent edge magnetic configurations. The shear layer locatiodifferent plasma discharges with the same global parameters
has been used as a point of reference. in W7-AS and for the configuration with, = 0.243.
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by avalanches. These avalanches have length scales thiains are characterized by self-similarity and long-range
vary from a single cell up to the full size of the system.time correlations. Therefore, the tail of the turbulence
In the dynamical evolution of the sandpile, all of the cellsautocorrelation function decays as a power law for time
are checked for stability against a simple stability rulelags longer than the decorrelation time and as long as
and either flagged as stable or not before the cells arémes of the order of the energy and particle confinement
time advanced. After that, the cells are time evolved withtimes (characteristic time for particle and energy to dif-
the unstable cells overturning and moving their exces$use across the edge region). Calculations show that long-
grains to another cell. The size, distance, and directiomange time correlations are reduced or even eliminated by
of the motion of the excess grains are determined by thehear flow effects. In the experiments, the sheared flows
overturning rule. are not strong enough to suppress turbulence, but there

The R/S analysis of sandpile data (number of cellsare indications that the long-range time correlations are
overturning in each time step) in a regime of weakmodified by a shear flow. These results are consistent
avalanche overlap gives a constant valuéfobver many  with self-organized criticality behavior and plasma trans-
decades. This value is around 0.8, with a slight variatiorport mechanisms based on avalanches. More systematic
from case to case depending on the probability of addingnalysis of data from other confinement devices is needed
grains to the sandpile. As shown by previous calculationsto confirm these conclusions. In particular, measurements
the addition of a sheared flow to the sandpile induces aomparing long-range radial correlations should be com-
decorrelation of avalanches [16]. This decorrelation effecpared with long-range time correlations.

is also shown by the change in the value ®f When Oak Ridge National Laboratory is managed by
a sheared flow is added to the sandpile, the long-rangkeockheed Martin Energy Research Corp. for the U.S.
correlations are eliminated, arifl is close to 0.5. Department of Energy under Contract No. DE-ACO05-

There is some indication in the analyzed data thaB60R22464.
the sheared flow effect could also be present at the
plasma edge turbulence. In Fig. 2, there is a change in
the radial dependence df near the shear flow layer.
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