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Statistical analysis of turbulent flux and intermittency in the nonfusion
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Turbulent particle flux due to correlated fluctuations of density andEW 3BW -drift velocity has been
statistically characterized in the simple magnetized torus Blaamann@F. J. Øynes, O. M. Olsen, H. L.
Pécseli, A. Fredriksen, and K. Rypdal, Phys. Rev. E57, 2242~1998!#. The shape and width of the
probability distribution functions~PDF! and how they change as a function of time resolutiont upon
coarse-graining have been analyzed. The shape of the PDF is non-Gaussian with a sharp central
peak and is strongly asymmetric. The resulting width,s, scales as a power-law over about two
decades int, s;tH, for t.100 ms. As t decreases the width tends to flatten, i.e., the effective
Hurst exponentH increases continuously in the interval 0.5,H,1. The behavior of the PDF at
small time scales seems to be ascribed to the presence of coherent structures, living in the torus
generated by flux instability. ©2003 American Institute of Physics.@DOI: 10.1063/1.1619977#
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I. INTRODUCTION

Self-similarity, universality and scale-invariance are ge
eral properties of the turbulence in fluids and plasmas.
cently many papers on statistical analysis have been dev
to understanding the properties of turbulence and turbu
transport in magnetically confined plasmas.1–7 The main aim
has been to study and characterize the intermittent prope
of plasma parameters and their differences–similarities
tween different magnetically confined plasmas. Some wo
have also been devoted to testing the self-organized crit
ity paradigm in transport processes and to search
avalanche-like processes, like burst behavior and long ra
and long distance correlations.

In this paper, we approach the analysis of the turbul
transport through a statistical analysis of the probability d
tribution functions~PDF!6 in order to better understand th
strong intermittent particle turbulent transport in a simp
magnetized torus, and its relationship with the dynamics
the turbulent processes. We analyze systematically po
law scaling, self-similarity, non-Gaussian properties, and
termittency of turbulent fluctuations, relating them to t
long-lived structures8 observed in Blaamann. It is found tha
full information over the whole range of radial distances
side the torus and the simultaneous study of different ph
cal quantities are required to understand the physics
volved. The comparison between the statistical propertie
Blaamann and those of other devices of different sizes
magnetic configurations, like fusion devices, is also p
formed in order to search for possible universal propertie
the turbulence in magnetized plasmas.

We start in Sec. II with a brief discussion of the equi
4331070-664X/2003/10(11)/4335/6/$20.00
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ment set up, followed by a description of the method in S
III. The results and their discussion are presented in Sec
and our main conclusions summarized in Sec. V.

II. EQUIPMENT SETUP

Blaamann is a simple, steady-state magnetized tor9

Details of the experimental setup, plasma production a
typical plasma parameters can be found in the paper
Øyneset al.9 In this work, turbulence has been experime
tally investigated at a helium neutral gas pressure
1024 mbar along the entire plasma radius. Discharge plas
parameters are: filament current 100 A, voltage bias 160
toroidal magnetic field 1440 G, and discharge plasma cur
of 1 A. The turbulent particle fluxG is directly related to
correlated temporal fluctuations of plasma densityñ and
fluid velocity ũ, which can be expressed in terms of th
directly measurable quantities by a Langmuir probe.

A Langmuir probe composed of three pins was used
measure the poloidal electric field and the plasma den
fluctuations. The two pins for the electric field measureme
were placed at the same radial and toroidal coordinates
poloidally displaced by a known distanced51 cm. The third
pin was placed along the same radial and poloidal coordin
as one of the other two, but displaced by 1 cm in the toroi
direction to measure the ion saturation current.

In this way, we simultaneously measured the ion satu
tion current,I sat, and the floating potentialVf , as functions
of time. The instantaneous values of the plasma potentiaVp

and the ion densityn are related to the measuredVf and I sat

through the relationsVp2Vf'a Te andn'(mi /Te)
0.5 I sat,

respectively.8 Here, Te is the electron temperature
5 © 2003 American Institute of Physics

license or copyright, see http://pop.aip.org/pop/copyright.jsp



i-

u
sm
un
o

ifi
t

ui

u-

n

-

r

f

es
gt
.

tr

le

a

are

e of
e

atio

ari-
ar
and

he
a

t-
nt

4336 Phys. Plasmas, Vol. 10, No. 11, November 2003 Fredriksen et al.
(mi /Te)
0.5 is the ion sound velocity in the plasma,mi the

ionic mass, anda54 is a parameter typical of our exper
mental setting.

The electron temperature fluctuations10 at this pressure
are below 15% along the whole plasma radius in the eq
torial plane where measurements were performed. Pla
potential and density were calculated taking into acco
also the electron temperature fluctuations: The results we
tained showed that at the working pressureP51024 mbar,
the electron temperature fluctuations do not give any sign
cant contribution to the density and potential and, at leas
this pressure, the electron temperature fluctuationsTe can be
neglected.

To estimate the radial component of the plasma fl
velocity ur we assume that it is dominated by theuEW 3BW drift
velocity, whereEW represents the poloidal electric field calc
lated as the difference between the two plasma potentialsVp1

and Vp2
. Under all stated approximations and assumptio

we estimate the fluid~as opposed to microscopic! particle
flux in the radial direction at the instantt as the product
G(t)5n(t) ur(t). Following the standard splitting proce
dure, we separate bothn(t) and ur(t) into average back-
groundsn̄ and ūr and instantaneous fluctuationsñ(t) and
ũr(t), and then also the flux into a background fluxḠ and a
fluctuating fluxG̃(t). In what follows, we will focus on the
radial turbulent particle fluxG̃(t) and, subsequently, onñ(t)
and ũr(t) separately.

III. METHOD

We start off with a~stationary! discrete time-series fo
G(t i) consisting of i 51, . . . ,Ndata (Ndata510000) values,
sampled at equal intervalstdata54 ms, corresponding to a
total time-spanT5Ndata3tdata50.04 s.

The background fluxḠ is just the temporal average o
G(t) over the total time-spanT, Ḡ5T21*0

TG(t8)dt8
5( iG(t i)/Ndata, and the instantaneous fluctuation att is de-
fined as G̃(t)5G(t)2Ḡ. Following,6 we calculate the
coarse-grained functionGt(t) of G̃ over nonoverlapping
windows of lengtht as

Gt~ t !5
1

t Et2t/2

t1t/2

dt8G̃~ t8!, ~1!

and the corresponding root mean square~rms! fluctuations

st
25

1

T E
0

T

dt8Gt
2~ t8!. ~2!

It follows that for the time scalet5T, i.e., for the whole
sample length,GT(t)50 andsT

250. Thus,st is a decreasing
function of t. Coarse-grainingG̃ over a scalet filters out all
contributions tost due to fluctuations over short time scal
tshort<t. Since a given data sample has a fixed total len
T, fluctuations over long time scalest long>T are not present
One can think ofst

2 as the ‘‘residual variance’’ due only to
those fluctuations at frequencies between the variable ‘‘ul
violet’’ ~UV! cutoff nUV'1/t and the fixed ‘‘infrared’’~IR!
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cutoff n IR'1/T. In order to compare variousGt for different
time scalest, it is convenient to define the standard variab
gt5Gt /st . By definition, ḡt50 andḡt

251.
According to the above discussed method, we build

whole sequence of coarse-grained time-seriesGt with corre-
sponding coarser and coarser resolutiont.4 ms. A typical
time-series and one of its coarse-grained time-series
shown in Fig. 1, for the radial positionr 53.5 cm from the
center of the torus. Here, we are interested in the degre
fluctuation ofGt(t) around its mean. We consider then th
histogram of data countsdNt of Gt(t) within Mbin bins of
equal~at givent! width dtG. We choosedtG50.2st , yield-
ing Mbin530 bins within63st .

We define the count distribution function~CDF, normal-
ized such that its total area equalsNt) of Gt as the ratio,

CDFt~Gt!5
dNt

dtG
. ~3!

The corresponding probability distribution function~PDF!,
whose total area is normalized to one, is defined as the r

PDFt~Gt!5
1

Nt

dNt

dtG
. ~4!

The resulting standard PDF is a function of the scaled v
able gt . It is customary to refer to the PDF as self-simil
when its shape does not change with the temporal scale,
to self-affinity to a special form of statistical scaling ofGt

with t, namely a power-law scaling ofst with an exponent
a, st;t2a, i.e.,

st1

st2

5S t1

t2
D 2a

. ~5!

The scaling exponenta can also be expressed in terms of t
so-called Hurst exponentH ~see also Refs. 5 and 7 where
similar method for calculatingH is discussed!, according to
a512H and 0<H<1, so thata→0 corresponds toH
→1 anda51/2 to the standard behaviorH51/2. Values of

FIG. 1. Time series for the turbulent fluctuation particle fluxGt(t) vs t for
~top! the original data corresponding tot54 ms, and~bottom! the coarse-
grained temporal resolutiont516 ms. Only part of the data has been plo
ted. The coarse grained series~bottom! has been downshifted by an amou
of 2 for clarity.
license or copyright, see http://pop.aip.org/pop/copyright.jsp
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H.1/2 indicate persistence or positive correlations in
data, while H,1/2 antipersistence or anticorrelations.
many circumstances, however,st does not display a single
power-law behavior as in Eq.~5!, but different values of the
exponenta can be found on different time scales~cf., e.g.,
Refs. 5 and 7!.

IV. RESULTS AND DISCUSSION

A. Fluctuating flux

We have analyzed several flux time series as well
density and electric fields time series along the whole plas
diameter. Here we report data concerning turbulent flux, d
sity and velocity fluctuations data of interest for transp
and plasma confinement.

In Fig. 2 the standard deviationst ~corresponding to the
data considered in Fig. 1! is shown as a function of the tim
scalet. It is possible to distinguish two main regimes whe
the standard deviation displays different behaviors. One
gime is extending over many time decades, for time sca
t.100 ms, calledmesoscaleregime, while the other occur
at smaller time scales,t,100 ms. This last regime is domi
nated by fast events and it is usually calledfluctuationrange.
In this range, the standard deviation tends to display an
proximate power law behavior with an effective expone
H.1/2. The persistence associated to such values ofH is
due to the presence of short-range correlations in the t
series, having a characteristic crossover time of the orde
100 ms. For long time scales, i.e., fort.100 ms, the stan-
dard deviation shows a clear power law with a Hurst ex
nentH'0.5, indicating absence of correlations in the seri
A similar behavior has been found also in the simple m
netized torus Thorello6 and in other fusion-like devices.11,12

Looking in Fig. 3 at the CDF for differentt it is possible
to recognize that its shape deviates from a Gaussian, at
at short time scales. For longer time scales a progressive
gradual modification of the CDF can be appreciated towa

FIG. 2. Residual standard deviationst /s4 ~open circles! as a function oft
~in ms!, for the pressure of 1024 mbar and radial distance 3.5 cm. Fo
illustration, we show two power lawsst;t2(12H) for H50.63 ~dashed
line! and H51/2 ~continuous line! at short and long temporal resolution
respectively.
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a Gaussian-type shape. The two regimes found in the s
dard deviation behavior seems to be reflected also on
CDF.

To estimate the degree of self-similarity and to elucid
more clearly deviations from the Gaussian distribution fun
tion, we have plotted the standard PDF in Fig. 4. As can
seen from Fig. 4, at short time scales the PDFs displa
spiky shape and fat tails describing outward fluxes@Fig.
4~a!#. Notice that the non-Gaussian scaling of the stand
deviation ~having H.0.5) does not imply necessarily tha
the PDF should be also non-Gaussian. Cases are known,
fractional Brownian motion,13 for which the PDF has indeed
a Gaussian shape while its variance scales anomalously
time ~i.e., HÞ1/2). Sincest is finite for all t, the central
limit theorem~CLT! tells us that the PDF will gradually turn
into a Gaussian-type distribution for increasing time scalet.
As shown in Fig. 4~b!, however, this transition is rather slow
in Blaamann as compared, e.g., to Thorello.6 The mesoscale
regime is characterized by a Hurst exponentH'0.5 for all
the plasma radii~cf. Fig. 5!. The randomization of transpor
events in the mesoscale regime is, therefore, systematic
present along the entire equatorial plasma radius. In the
of Blaamann the corresponding PDF’s still display sign
cant deviations from the standard Gaussian shape.

Regarding the short time scale, the latter seems to
related to events involving the dynamics of long lived stru
tures. In fact, coherent structures of vortex type have b
recently detected in Blaamann in helium plasma.14 The typi-
cal evolution time of these structures is of the order of 10ms,
and the time for a total revolution in the poloidal plasm
cross section is about 100ms, as can be seen in Sec. IV
below. Thus, in the short time scalet,100 ms, the strong
non-Gaussianity is related to the presence of coherent s
tures and the transport, i.e., the instantaneous flux, is do
nated by their dynamics.

B. Density and velocity fluctuations

It is also interesting to observe that the behavior of
velocity and density PDF as well their standard deviatio

FIG. 3. CDF’s as a function of the standard variablegt for different time
scales ~from top to bottom!: t5(4,12,28,64)ms, for the pressure of
1024 mbar and radial distance 3.5 cm.
license or copyright, see http://pop.aip.org/pop/copyright.jsp
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FIG. 4. Standard probability distribution functions,stPDFt , of turbulent
flux fluctuationsGt for different coarse-grained temporal resolutionst, plot-
ted as a function ofgt : ~a! Short time resolutionst5(4,8,12,16,20)ms
~‘‘fluctuation range’’!; ~b! long time resolutionst5(96,128,192,256)ms
~‘‘mesoscale range’’!, for the pressure of 1024 mbar and radial distance 3.
cm. For comparison, we show the standard Gaussian distribution.

FIG. 5. Effective Hurst exponent in the mesoscale regime (t.100 ms) as a
function of the radial positionR in Blaamann, for the fluctuation flux~open
squares!, for the pressure of 1024 mbar. The error bars are estimated to
about 10%.
Downloaded 28 Apr 2004 to 198.35.8.210. Redistribution subject to AIP 
are different from what found for the flux ones. As can
seen from Fig. 6, the standard deviations are characterize
a Hurst exponent consistent with the standard valueH51/2
for long time scales, extending, however, to values ot
smaller than 100ms. At t,10 ms, the exponent tends t
flatten, while the transition to theH51/2 regime, occurring
around 100ms, is more pronounced than in the case of t
flux.

In addition, the strong asymmetry in the PDF and
deep peak found for the fluxes in the fluctuation range do
appear in the PDF neither of velocity nor of density fluctu
tions. As can be seen from Fig. 7, the PDF of both veloc
and density fluctuations are more Gaussian-like. Then
velocity and density PDF, as shown in Fig. 7, although d
viate from a Gaussian distribution, are not peaked as the
PDF. The analysis of the Hurst exponent as a function of
radial position is shown in Fig. 8 for the density and veloc
fluctuations. For the velocity,H is found to be near 0.5 along
the whole torus diameter, while for the density it detach
from the standard value 0.5 near the high field zone. T
behavior of the density is anomalous with respect to the
locity and the flux ones.

It is then important at this point to mention that the phy
ics and statistical properties of the transport events, that i
the PDF fluxes, depend strictly on the correlation of veloc
and density and not only on one of them or both indep
dently. Then, large transport events at small time scales s
to be regulated by complex processes involving directly
local correlation between velocity and density which in tu
is a consequence of the complex dynamics of spatially d
calized large structures.

Another point concerns self-similarity properties of th
PDF. Applying statistical tests described in detail in Ref. 6
appears that in the two regimes the distribution is se
similar. But a more important issue is that in the mesosc
range flux and velocity fluctuations are Gaussian distribu
and randomised and no long-time correlations occur. Ho
ever, also the work of Ref. 4 concerning a statistical analy

FIG. 6. Residual standard deviationst /s4 as a function oft ~in ms! for the
radial velocity~full triangles! and density fluctuations~open squares!, for the
pressure of 1024 mbar and radial distance 3.5 cm. For illustration, we sh
the power lawst;t2(12H) for H51/2 ~continuous line! at long temporal
resolutions.
license or copyright, see http://pop.aip.org/pop/copyright.jsp
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FIG. 7. Standard probability distribution functions,stPDFt , of ~a! radial
velocity fluctuations and~b! density fluctuations, plotted as a function ofgt ,
for different coarse-grained temporal resolutionst5(4,8,12,16,20)ms, for
the pressure of 1024 mbar and radial distance 3.5 cm. In both cases
show, for comparison, the standard Gaussian distribution.

FIG. 8. Effective Hurst exponent in the mesoscale regime (t.100 ms) as a
function of the radial positionR in Blaamann, for the electronic densit
~open squares! and the velocities~full triangles!, for the pressure of
1024 mbar. The error bars are about 10%.
Downloaded 28 Apr 2004 to 198.35.8.210. Redistribution subject to AIP 
of ion saturation current applied to the Tore Supra fus
device indicates that no long-time correlations occur in
mesoscale regime, even if, in this regime, the Hurst expon
seems to be greater than 0.5. These results suggest tha
absence of long range correlations in the mesoscale regim
not only peculiar of nonfusion devices.

Recently, some indications have been given that in Bl
mann, Hurst exponents larger than 1/2 are obtained in
mesoscale regime by studying time series of the plas
potential.15 To investigate whether our samples also pres
such anomalies, we have sistematically performed
coarse-grained analysis for the density and velocity fluct
tions time series over the whole range of radial distanc
The results for the effective Hurst exponents, obtained fr
power law fits of the corresponding standard deviations
the mesoscale regime, are summarized in Fig. 8. As one
see, density fluctuations display long time anomalous de
for distancesR,24 cm, with effectiveH as large as 0.7–
0.8, while velocity fluctuations are consistent, within the s
tistical errors, with a more standard decay over the wh
range of radial distances. For distancesR.24 cm, density
fluctuations behave in the standard way. Details of th
analysis will be published elsewhere.

C. The presence of coherent structures in Blaamann

A very important issue regards the possible univer
behavior of turbulent transport in plasma devices. Res
obtained on Blaamann are very similar not only to tho
obtained from a similar device Thorello, but are also simi
to fusion devices ones, like for instance the Wendelstei
Advanced Stellarator~W7-AS! plasma-fusion device.12,16

That is, in general, there are two distinct time scale regim
the fluctuating range and the mesoscale one, for which
behavior of the standard deviation is very similar, althou
the Hurst exponent in the mesoscale regime is different
tween fusion and nonfusion devices. In the case of Bl
mann, the time scale at which the crossover between
fluctuation and the mesoscale regime takes place can b
sociated to the decay of coherent structures in the plas
Indeed, as indicated in Fig. 9, coherent structures seem
persist over time scales of the order of 100ms, corresponding
roughly to the revolution time being of the order of 100ms.

V. CONCLUSIONS

In the statistical analysis performed in the simple ma
netized torus Blaamann, we found some specific issues
lated to the transport properties but also some more gen
properties of turbulence in comparison with the perform
analysis in other fusion and nonfusion devices. We fou
some universalities in the behavior of the PDF and its st
dard deviation for what concerns the existence of two ti
scale regimes. One is the short time scale, in which the s
dard deviation displays an approximate power law w
Hurst exponent larger than 1/2 and the PDF, having
strongly asymmetric peaked distribution, departs stron
from a Gaussian behavior. The other is the long time scale
which the standard deviation follows a power law as a fu
tion of time with H'0.5 and the PDF displays a mor
license or copyright, see http://pop.aip.org/pop/copyright.jsp
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FIG. 9. Countour plots of the observed coherent stru
tures in Blaamann derived from the electron saturati
current. The values ofR are in cm on both axes.
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Gaussian-like distribution. This behavior is the result of t
CLT, and is very similar to that found in fusio
devices,1–3,11,12 as well as in similar nonfusion devices6

More specifically, in the short time scale the dynamics
coherent structures dominates the transport in Blaamann
fact, we found that at short time scales events are well r
resented by the dynamical evolution of vortical structures
the plasma poloidal cross section. The departure from G
sianity in the PDF is, therefore, related to the presence
long lived structures. Another important point is that tran
port statistical characteristics are dominated by the corr
tion of density and potential and not simply by the statisti
properties of each of them. The latter result outlines h
transport processes are complex.
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