PHYSICS OF PLASMAS VOLUME 6, NUMBER 5 MAY 1999

Experimental evidence of long-range correlations and self-similarity
in plasma fluctuations

B. A. Carreras,’ B. Ph. van Milligen,® M. A. Pedrosa,? R. Balbin,® C. Hidalgo,?

D. E. Newman, E. Sanchez,® R. Bravenec,” G. McKee,® |. Garcia-Cortés,? J. Bleuel,9
M. Endler,”) C. Ricardi,® S. Davies,” G. F. Matthews,” E. Martines,9

and V. Antoni?

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-8070

(Received 16 November 1998; accepted 12 January)1999

To better understand long time transport dynamics, techniques to investigate long-range
dependences in plasma fluctuations have been applied to data from several confinement devices
including tokamaks, stellarators, and reversed field pinch. The results reveal the self-similar
character of the edge plasma fluctuations. This implies that the tail of the autocorrelation function
decays as a power law and suggests that there is a superdiffusive component of the anomalous
transport. Rescaled fluctuation and turbulent flux spectra from different devices also show a strong
similarity. For a range of parameters corresponding to the tokamak ohmic regime and equivalent
power for other devices, the spectral decay index may show a universal character.
[S1070-664X%99)92405-9

I. INTRODUCTION The standard decorrelation time and radial correlation length
One of the characteristic properties of self-organizeqare determined by the half-width of the corresponding corre-

criticality systemd s that these systems relax through trans-2ton function. The decorrelation time, is basically an
port events of all sizeéransport by avalanchesThis trans-  €ddy turnover time, and at the plasma edge of an ohmic
port mechanism translates to long-range time and space cdplasma it is of the order of several microseconds. We can
relations for fluctuating quantities. In such systems, both th&XPectr to also be of the order of the inverse linear growth
correlation functions and the probability distribution function rate of the dominant microinstability. The radial correlation
(PDP of fluxes have algebraic tails. Because self-organizedength,l¢, is of the order of an eddy size, and at the plasma
criticality dynamics can explain some of the properties ofedge it is about 1 cm. Theoretically, it is expected to be of
transport in magnetically confined plasnfagechniques for the order of the ion Larmor radiup; . At the plasma edge,
quantifying the asymptotic behavior of the correlation func-pi=0.1cm is much smaller than the simple theoretical ex-
tions and PDFs are needed. In this paper, we review some @Ectation. However, this discrepancy is not what concerns us
these techniques and their application to plasma fluctuation# this paper; we want to characterize the long-range depen-
In developing and applying these techniques, we have oftedences in the fluctuation data. A seri¥gis said to have
used the running sandpile mot&t®as a guidance. long-range dependences if its autocorrelation function,

One feature of the turbulence-induced fluxes at thep(X:,X;y4), asymptotically decays as an algebraic function
plasma edge is that they are bursty. A PDF of these fluxefor long lags,A; that is, if p(X;, X4+ 2)~A"# whenA —.
shows a long tail with 10% of the largest flux events beingThe tail of the autocorrelation function of plasma fluctua-
responsible for 50% of the transpdrt. These large flux tions is what we are trying to characterize in this paper for
events correspond to Mandelbrot's Noah effé€he impor-  both time and radial scales. The order of these scales are
tance of such events is associated with algebraic tails of thenany times the basie, and /', scales of the turbulence.

PDF of integrated fluxes. In these algebraic tails, there are  The usual way of characterizing long-range dependences
events of ever increasing size, occurring ever more rarely by by the Hurst exponentd.®® This exponent is simply re-
still playing a dominant role in the transport. lated to the decay indeg of the autocorrelation function,

In the case of plasma fluctuations, we have to specify4=1— g/2. For experimental data, it is difficult to directly
what we mean by long-range time and radial correlationsgetermineH because noise usually dominates the autocorre-
lation function at long lags. However, there are alternative
*Paper U9I2.3 Bull. Am. Phys. Sod3, 1920(1998. techniques such as the rescaled range an&ffsand the
fInvited speaker. scaled window variance techniqués!® We have applied

dAsociacion Euratom-Ciemat, 28040 Madrid, Spain. - : :
bUniversity of Texas, Austin, TX. these techniques to analysis of electrostatic plasma edge fluc-

9University of Wisconsin/General Atomics, San Diego, CA 92186-5608. tuations on a broad range of magnetic configurations. They
IMax-Planck-Institut ~ fu  Plasmaphysik, ~Euratom  Association, lead to values oH between 0.62 and 0.78.These results

e)g?g;?afn"{eﬂg”c%Ifi;seig;‘asﬁ-iversita di Milano, ltaly are evidence of the existence of long-range correlations in
NIET Joint Undertaking, Abingdon, Oxon, OX14 3EA, U. K. the_ plasma edge turbulence in those confinement devices.
9Consorzio RFX., Padova, ltaly. This is Mandelbrot's Joseph effetThey also show the self-
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similar nature of the plasma edge fluctuations. The narrow  The generic idea behind those methods is the creation of
range of variation oH suggests a universal character of thea series by averaging over subsets of original time séfies.
plasma edge turbulence dynamics. Given a time series of length, X={X,:t=1,2,...n}, corre-

Additionally, this narrow range of values fét found in ~ sponding to a stationary process, all second-order properties
different plasma confinement devices is also an indication obf this time series are given by the autocovariance function
the similarity of the low-frequency range of the fluctuation y,=cov (X;,X;+,), whereA is the time lag. An alternative
spectra in those experiments. However, the similarity ofrepresentation of the second-order properties of this series
spectra goes beyond the low-frequency range. Using a resan be constructed through averaging the original time series
caling transformation of the spectra, we find clear evidencever nonoverlapping blocks. That is, for eact 1,2,...n,
of the similarity of the plasma edge electrostatic fluctuationwe construct a new time series,X(m)E{ijm) u
spectra over the whole frequency rarige. =1,2,..n/m}, with n/m elements by first generating a parti-

Some of the techniques used in the detection of the longtion of the original one im/m nonoverlapping blocks aifn
range time dependences can be extended to the detectionaléments. Each element of the new series is then obtained by
cross correlations for long time lad3This extension allows averaging them elements in each of the blocks. That is,
the determination of radial correlations and allows compariX(™ = (X mn_m+1+ -+ Xym)/m. For each of the new(™
sons with the radial correlations expected from avalanchegeries, we can define its variane€™. It has been observed
transport. This technique has initially been applied to thehat the ratio of the logarithm of V(™/V® to the logarithm
multichord beam emission spectroscofBES) data from  of the scalemis 1—D, whereD is the fractal dimension of
DIlI-D. the series.D is also related to the Hurst exponérit,

The existence of long-range time correlations and radiaH =2—D, which, as discussed later on in this section, is also
correlations at large time lags is expected from self-a measure of the decay exponent of the autocorrelation tail.
organized criticality dynamical behavior, but it is not the The variance of the subserie€™ V(™  can also be
unique signature of the dynamics of self-organized critical-directly related to the autocovariance function. By direct cal-
ity. Therefore, we can only state that the results of the analyeulation of V™, we obtain
sis presented here are consistent with self-organized critical-
ity dynamics. However, they give us two important facts vy
about the plasma turbulence in magnetically confined plas- V™= 52 2 Ya- (1)
mas that go beyond the validity of the self-organized criti- 1a=t

cality concept. First, the electrostatic fluctuations over time§, i< relation. the short- and long-range contributions are

longer than an eddy turnover time are not constrained Wiﬂéxplicitly separated. For a random variable the first term

Gaussian statistics. Second, there is a universal character fﬁfthe right-hand sidérhs) of Eq. (1) dominates, and in the

thhe f_IucI:_tliJatlon_s, at least in the plasma edge for ohmic ar]ﬁmit of large m, we obtain the Gaussian statistics result; that
ONMIC-IIKE regimes. is, the standard deviation decreases as 1 over the square root

Finally, if the long radial c_orr_elations in the _quxgs exist, of the number of samples considered. However, for pro-
they would suggest the possibility of a superdiffusive COM-casses with long-range time dependence, the second term

ponent in the plasma transpdrt” in addition to the usual may diverge in the largen limit. In this situation,X does not

turbulence-induced diffusion. The existence of such a S“pe'iierify the conditions of the central limit theorem. aé™
diffusive component has been suggested on the basis of Magaes not scale am ! Equation(1) can also be’ used to

netic fluctuation-induced transpdft.Here, we show that calculate the autocovariance function of the original series in

similar results can be obta|_ned_|r_1 a self-organized criticalityio g of the variance of the successive averaged subseries.
model. Therefore, superdiffusivity may result from bOthInverting Eq.(1), we obtain

magnetically and electrostatically induced plasma transport.
Such a superdiffusive component is consistent with the , —152[A2y(4)], 2
Bohm-type scaling observed in tokamak plasma transport in
the low confinement mode. A direct experimental determinaHere, the operato#? is the second-order central derivative
tion of such a superdiffusive component is a future challengoperator in finite differences, that i$2(f;)=f;,,;+f_;
ing goal. —2 f,. Equation(2) shows that the information in the vari-
ance for all time serieX™ resulting from averaging the
original sequence is equivalent to the information contained
in the autocovariance function for the original serigs,
Many techniques have been proposed to determine th€herefore, for an infinite serie¥/(™ provides an alternative
long-range correlations in a time series. One of the first apequivalent description of the second-order properties of the
proaches was the rescaled range method, pioneered by Mamriginal series. The advantage of usMg" to determine the
delbrot and Walli€® This was followed by several others, asymptotic behavior of the autocorrelation function instead
among them the scaled windowed variance methddand  of usingy,, directly is that the latter is a second derivative of
the dispersional methdd:* Here, we apply these methods the former. Therefore, small oscillations Y™ are ampli-
to the electrostatic plasma edge fluctuations and discuss tHied in vy,,. For noisy signals, it is practically impossible to
relative merits of each technique with regard to the fluctuaextract the scaling behavior fromy,,, but in many cases it is
tion data analysis. possible, even straightforward, froxf™.

m s—1
2

Il. ANALYSIS OF LONG-RANGE TIME CORRELATIONS
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When there are long-range correlations in the seXies 1.0 T T r r T -
the covariance function has an algebraic tail, that is [
ya*< A~ P for large time lagA, whereB=2—2H. Therefore,

Eq. (2) is the basis for one of the methods of determintihg

the so-called dispersive method. In the case of an algebraic
tail in the covariance function, we hax™om?"-2, Be- 08
cause of the smoother dependenc&GP onm, it is consid- H
erably easier to determine the exponehfrom V(™ rather

than directly from the covariance function.

An alternative method of calculatirtg is the scaled win- , * *
dow variance method. With this method, instead of consid-  g¢ [ ¢ : ]
ering directly the serie¥, we first construct the associated 1
series of the Brownian motion, that is, the original series
integrated in time. For the Brownian motion series and for 05 T THU  WIAS wias ATE AP
eachm=1,2,...n, a partition of the series is generated as (1=0.243) (1=0.355)
previously described. We then calculate the standard devia- _
. (i) L FIG. 1. Hurst exponent for plasma edge Langmuir probe measurements
tion, o, within each of then/m blOCkS of m elements of from three stellarators, TJ-I(Ref. 24, W7-AS (Ref. 25, and ATF (Ref.
this series, and after we averagﬁ]) over then/m blocks,  26), in the ECH heated regime; and one tokamak, TR¢f. 27, in the
om:(m/n)E{":”ioﬂR ) ohmic heated regime and on RFP and R{Ref. 29.

It can be shown that in case of a ser¥ésvith a covari-
ance that has an algebraic tail, the functiep scales as
om>m™, whereH is again the Hurst exponent. This is the

07

Within the plasma edge, the averaged Hurst parameter varies
between 0.62 and 0.72, as shown in Fig. 1. This range of
_ ; ) variation is relatively small, given the diversity of plasma
scaled window variance method of calculatilg confinement devices considered. However, for the electro-
A third technique, which historically was the first, for giaiic plasma edge fluctuations in the Thorello device, the

evaluatingH is the rescaled range statistics proposed by, st exnonent is about 0.5. Interestingly, this device has
Mandelbrot and Wallfsand is based on the previous hydro- only a toroidal field, therefore, there is no plasma confine-

logical analysis of Hurst.The R/S ratio is defined as the ment in such a device.

ratio of the maximal range of the_ integrated signal normal- When simultaneous measurements of density and poten-
ized to the standard deviation, which we denote her8By ;o) ictuations at two poloidal positions exist, it is possible

to keep the traditional notation. It is defined as to reconstruct the local turbulent flux. The time records of
the turbulent flux show long-range correlations that are simi-

R(n)  maxOW;,W,,....Wq) —min(0Wy,Ws,...,Wy) lar to the correlations observed in the fluctuations. For ex-
S(n) [s2(n) ' ample, in Fig. 2, we have plotted the Hurst exponent for both

(3)  theion saturation current and the local turbulent flux as mea-
sured in the W7-AS device and for a rotational transform at
Here Wj=X;+X,+-+X,—kX(n), where X(n) is the the edge of=0.254.
mean. For phenomena characterized by long-range time de- The rescaled range method has been shown to be robust
pendence, the expected value OR/S scales as for time series generated by fractional Gaussian noise and
E[R(n)/S(n)] AnH. Here, E[x] is the expected Plasma fluctuation data. However, for the latter, there is a
n—o potential problem with the interpretation that was not com-

value of the variable. iRletely resolved. The problem is a possible alternative expla-

For a given series, these three methods should give,

principle, the same value d¢d. When I>H>0.5, there are 0.75 : ' : ; "
long-range time correlationgersistenceand when 0.5H @ Density Fiuctuations

>0, the series has long-range anticorrelatigastipersis- 0.70 F O Flux .
tence. For time series with no time correlatiorise., ran-

dom), H=0.5. 0.65 F

In Ref. 23, we analyzed plasma edge Langmuir probe G
measurements from three stellarators, TFWyendelstein
7 Advanced StellaratofW7-AS),?®> and the Advanced Tor- 0.60
oidal Facility (ATF),%° in the electron cyclotron heating
(ECH) regime; two tokamaks, TJ%,and the Joint European 055
Torus(JET),%8 in the ohmic heated regime; and one reversed
field pinch, the Reversed-Field ExperimefRFX).2° The 0.50 - - - -
main result of our analysis is that, for all data sets, the Hurst 6 -5 -4 -5 -2 A 0
parameter is constant and well above 0.5 over a self- Tshear ~ ' (CM)
Sflm"amy ran.ge mUCh, Ionger th,an_the, turbulent aqtocorrela-FlG. 2. Hurst exponent for both the ion saturation current and the local
tion time. This result is a clear indication of the existence ofyrhulent flux as measured in the W7-AS device, and for a rotational trans-
long-range time dependencies in the fluctuation dynamicorm at the edge of=0.254.

N e

Shear Layer
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FIG. 4. Values ofH obtained with the scaled window variance method

. ) ) . . versus ones obtained using the rescaled range method for several subseries
FIG. 3. Hurst exponent determined with the scaled window variance, disyf the W7-AS data of 1 msec length digitized at 2 MHz.

persional, and rescaled range methods as a functign tife square root of
the ratio of the variance of a sinusoidal signal to the variance of the added
random noise.
obtained using the rescaled range. We have used subseries of

the W7-AS data of 1 msec length digitized at 2 MHz. Since
nation to the existence of long-range correlations in thehe series are relatively short, a broader range than usiél of
plasma turbulence, based on the existence of low-amplitudis obtained. This is in accord with observations in Ref. 30
low-frequency coherent or quasicoherent modes mixed wittthat the rescaled range method has a slight bias towards 0.75.
larger amplitude Gaussian turbulent fluctuations. In such dhe convergence of results using the different methods gives
situation, Hurst exponents between 0.5 and 1.0 can be ola further confirmation of the long-range time correlations in
tained without the presence of intrinsic long-range correlathe plasma edge fluctuations and their self-similar character.
tions in the plasma turbulence.

To test this possible interpretation, we have evaluited
for several time records created by adding a sinusoidal sign
to a random noise. These valuestbre plotted in Fig. 3 as The small range of values fét in different devices is an
a function ofu, wherep is the square root of the ratio of the indication of the similarity of the fluctuation spectra in the
variance of the sinusoidal signal to the variance of the ranlow-frequency range. However, the similarity of spectra goes
dom noise. For each value of we have used five samples beyond the low-frequency range. Using a rescaling transfor-
of 50000 points. The Hurst exponent has been calculatethation of the spectra, the similarity of the plasma edge elec-
using the methods previously discussed. The rescaled rang®static fluctuation spectra over the whole frequency range
method produces a resonance effect already discussed in Re&n also be shown. To avoid the distortion of the spectrum
23. The scaled window variance method is not affected byaused by the motion of the reference frame, the comparative
this resonance, as is clear from Fig. 3, but when it is modistudy of fluctuation spectra in different devices has been
fied as suggested by CanriBthrough the introduction of a done in the proximity of the plasma edge velocity shear layer
linear trend connection, it also shows the resonance effeclocation, where there is a radial position wity~0. For the
For the dispersive method, the range of time over wids  edge fluctuation measurements considered here, the poloidal
constant is shorter than for the scaled window variancerelocity is inferred from the plasma velocity of the fluctua-
method, and théd exponent is more difficult to determine. tions.

Therefore, the scaled window variance method seems to be In the case of plasma edge fluctuations, the power spec-
the most effective in reducing the probability of contamina-trum, P(w), is a function of all plasma parameters. Based on
tion by coherent mode effects. The rangetbfalues from the idea of finite size scaling of the self-organized criticality
the experiment, 0.62H<0.72, corresponds to a very nar- systems, we had assumed a simple rescaling Yaw,
row range of values ofu, that is, 2.X10 3<u<4.0 P(w,...)=Pyg(w/wy), whereP, and w, are parameters to

x 1073, To explain all of the experimental results, it would be determined. The functiog, if it exists, reflects the uni-

be necessary to always have a quasicoherent mode presentwiersal character of the underlying dynamical processes.

the plasma with an amplitude within this narrow range. Al- Frequency spectra for the same plasma edge fluctuations
though this situation is possible in some particular cases, it idata discussed in the previous section and obtained in TJ-I,
highly unlikely to be the explanation for all cases analyzed.TJ-IU, W7-AS, and JET experiments have been rescaled us-

Using these analysis methods, we have obtained resultag the TJ-I tokamak as a reference; that is, we take= 1
very similar to those previously obtained with only the res-for TJ-I. Figure 5 shows the rescaled frequency spectra of
caled range method. As an illustration of the similarity of thefluctuations for the ion saturation current after the rescaling
results, we have plotted in Fig. 4 the valuestbiobtained transformation. The four spectra lie clearly on top of each
with the scaled window variance method versus the onesther. The existence of a uniggefunction is an indication

élll. SIMILARITY OF THE FREQUENCY SPECTRA
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FIG. 5. Rescaled frequency spectra of fluctuations for the ion saturatior']zlG' 6. The result of the scaled window variance analysis for four BES

current in TJ- @o=1), TIIU (0o=0.33), W7-AS (w,=0.286 and channels.
wy=0.22, and JET (o= 0.22) experiments after the rescaling transforma-
tion.

=1,2,...n}, is measured at a radial positiop=r,+ §. For

of the universal dynamics of plasma edge turbulence, at lea§@Ch series, we ‘ig? calculate the series of partla(lmf;lverages,
in the parameter regime considered here. Analogous resuff@at is, X™={X;” :u=1,2,..n/m} and YM={Y(":u
have been obtained for the power spectrum of the electro= 1,2,.-n/m}, where the elements of these seri§! and
static potential fluctuations and for the turbulent particle flux.Y{" » are the average over subblocks. In this case, we arrive
The value ofw, varies from device to device, and also with at @ generalization of Eq?2),
the magnetic field for the same device. The particular value 2, (m, §)= D (m,s)+ Y (—m,s)
of wy in each case must be given by the dynamics of the
plasma turbulence. =°[m?y™(0,)]. (4)

It should be noted that while the zero in the velocity iS yere 52 is the second-order finite-difference operator,
used to remove the Doppler shift effects, this zero usuallyys(mﬁ) is the symmetric component of the cross-

occurs in a region of large velocity shear. This too C°U|dcovariance, and™(0,8) is the cross-covariance of the se-
have an effect on the spectrum that is not yet determined. ries X&m) and Yme) at zero lag. Equation4) tells us that

_ The generic form of the fluctuation spectra is cOnsisten(icjating the cross-covariance of the partial averages for
with decay indexes typical of self-organized criticality sys-pqn;6rq time lag is equivalent to calculating the symmetric
tems. If we write the power spectrum in the form oy of the cross-covariance at finite time lag. As for the
P(w)*xw™ %, wherea is the decay index, there is a low- 5 yqcorrelation, this method is advantageous because by tak-
frequency region withw=0, an intermediate region associ- ing the sums, we eliminate some of the high-frequency noise

a_ted with avalanch_e overlap with=1 (1/f region, and a that we are not interested in and that obscures the correla-
high-frequency region witho>3. Because the power for ..o o long time lags.

these discharges is relatively low, thd 18 expected to be This method has been applied to BES data from
narrow. Analysis of higher power discharges is needed to S€8111-D. 3! This first analysis has been focused on a single

if the 1/f frequency range broadens with power, as the ingy, o+ 92409, The data were collected during the early phase
crease 4|n power will increase the probability of avalancheof a relatively low-power negative-shear discharge. There
overlap: were 25 channels separated by about 1 cm. For each channel,
we have considered a time record of 250000 points. The
digitizing rate was 1 MHz. In the analysis, we have divided
each time record in five blocks of 50 000 points, and we have
The existence of long-range time correlations and radiataken the average of all quantities over the five blocks. For
correlations at large time lags is expected from self-the time range analyzed, there is no evidence of sawtooth
organized criticality dynamical behavior. The combination ofoscillations or coherent mode activity.
the radial propagation of avalanches and their extended ra- The result of the scaled window variance analysis for all
dial structure will induce such correlation. Some of the techthe BES channels shows a common pattern as shown in Fig.
nigues used in the detection of the long-range time depers. In this figure, we have plotted the square root of the vari-
dences can be extended to the detection of cross correlatioasce as a function of time lag for four of the channels ana-
for long time lagst® So, let us consider two time sequenceslyzed. We can distinguish four scaling regions. Below 4
of lengthn: the first one X={X;:t=1,2,...n}, is measured usec, the variance is dominated by fluctuations. We will not
at a radial positionr,; and the second oneY={Y;:t consider this time range. From about 4 to @8ec, theH

IV. RADIAL CORRELATION OF PLASMA
FLUCTUATIONS FOR LONG TIME LAGS

Downloaded 10 Oct 2000 to 130.206.11.122.Redistribution subject to AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.



1890 Phys. Plasmas, Vol. 6, No. 5, May 1999 Carreras et al.

107 ¢ 0.006 . . . .
0.005 F
S g2
£ 107 § 0.004
® B
b=l [3]
S & 0.003 }
S .- @
o 1077 o L
o E § 0.002
« Direct Nl e o 0.001 |
»_0 ° o
» indirect oot
1 L bl L) b
1074 . 0
10° 10' 10 10 -5
Time Lag (us) 5 (em)

FIG. 7. Absolute value of the symmetric component of the cross-correlatiorFIG. 8. Radial cross correlation for time lags betweerp3@nd about 700
function between two BES channels separated radially about 1 cm. Th@sec as a function of the radial separation between BES channels. Negative
cross correlation has been calculated in the usual direct way and comparedlues ofés correpond to radial positions outside the reference position.

with the method proposed in Ref. 16.

exponent is about 0.5. Between 30 and about Z8@c, v |MPACT ON TRANSPORT
H~0.7. Finally, above a few milliseconds, the valuetbfs
around 0.2. The value ¢ indicates that the second region is If long radial and time correlations in the turbulent
dominated by uncorrelated Gaussian noise. This is possiblffuxes exist, they would suggest the possibility of a superdif-
just the photon noise. The third region is consistent with thdusive component in the plasma transport. To test this as-
presence of long-range time correlations. The last regiosumption, we have followed test particles in a running sand-
shows anticorrelation. The results for the last two regions argile. The dynamic model for the one-dimensional sandpile
reminiscent of the rescaled range results for the sandpilelosely follows the one in Refs. 1,4, and 5, and our specific
flux.1® implementation has been discussed in Ref. 3.

Using the method outlined here and described in detail We have followed 20000 particles and calculated the
in Ref. 16, we can reconstruct the symmetric component oénsemble average of the square of the displacement as a
the cross-correlation function. In Fig. 7, we have plotted thefunction of time,{r (t)?2—r(0)?). Here, the angular brackets
absolute value of the symmetric component of the crossindicate ensemble average over the set of test particles. As a
correlation function between two channels separated radiallfunction of time, we expect the following dependence,
by about 1 cm. This function has some oscillations at low(r(t)2—r(0)?)=Dgt”. When y=1, the diffusion is called
time lags, shows correlation in the intermediate region wher@ormal, but ify+ 1, the diffusion is anomalou§.The calcu-
H~0.7, and changes to anticorrelation at longer time lagslation is done for sandpiles of varying sizes, frars 100 to
The structure of the correlation function is quite similar to 5000. Particles have been followed for distances of the order
the one obtained from the correlation of fluxes in a sandpilef a fraction of the sandpile size. For longer excursions, the
calculation®® In the same figure, we show the result of afinite size effects start dominating the dynamics. The results
direct calculation of the radial cross-correlation using theof these calculations give a nearly straight line in log—log
standard method. We can appreciate the reduction of thglot, indicating that the relation between the square of the
level of noise as a result of using the new method of calcudisplacement and time is essentially a power law. A fit to the
lation. Similar structure is found for the cross-correlation be-data gives values of close to 1.5. Because of the finite size
tween other channels. For the region with=0.7, the photon  of the sandpile, it is difficult to determine the valueyfvith
noise is not important; we only need to correct for the effectenough precision and to narrow its range of variation. The
of the so-called common mod&.This correction is also value of y for different sandpile lengths does not present a
small for the range of time lags that we are interested in. Thelependence oh within error bars.
final values of the cross-correlation for the region between To understand the dynamical mechanism of the particle
30 and about 70Qsec are plotted in Fig. 8. In this figure, transport, we have to look in detail to the properties of the
negative values ob correspond to radial positions outside particle orbits. When an avalanche occurs, particles are car-
the position of reference. This figure shows that the radialied outward. The radial excursion of the particles, flights,
correlation has its maxima a+# 0 because of the propaga- depends on the radial extent of the avalanche. In the absence
tion, and its characteristic scale length is of the order of af an avalanche, the particles remain at a fixed radial loca-
few centimeters. Here, we have used these data as an etien. Sometimes particles get buried in the sand, and the time
ample of the method for reconstruction of the correlationthey spend in a given position can be very long. We call
Detailed analysis of other shots is needed to understand ttiose resting periods trapping times. From the information
relevance of these results to the self-organized criticalityon the particle motion, we can calculate the PDF of both the
model. particle flights and the particle trapping times. The algebraic
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tails of these PDFs are consistent with an anomalous diffu- If such a mechanism is confirmed, it offers a way to
sion exponent close to 1418 explain such diverse phenomena as Bohm-scaling of trans-
Previous calculations of diffusivities in a sandpile wereport in L-mode(low confinement modedischarges, nondif-
based on the renormalization of a Burgers-like fluidfusive behavior of perturbative experiments, and resilience
equatior? They showed that transport had ballistic charac-of profiles. It also implies that the anomaly in the plasma
ter, that is,y=2. These calculations corresponded to con-transport cannot just be explained by an “anomalous trans-
tinuously moving avalanches and did not include the effecport coefficient,” but that it requires the use of an anomalous
of trapping time for the particles. The latter is responsible fordiffusion operator in the transport equations.
the reduction in the value of.
In a magnetically confined plasma, the simplest descrip-
tion of the turbulent-induced transport should include at least
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