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The nature of intermittency, long observed in magnetic fusion devices, was revisited lately@G. Antar
et al., Phys. Rev. Lett.87, 065001~2001!#. It was shown that intermittency is caused by large-scale
events with high radial velocity reaching about 1/10th of the sound speed. These type of structures
were named ‘‘avaloids.’’ In the present article, the universality of convective turbulence in
magnetically confined plasmas is investigated. Turbulence properties in the scrape-off layer of four
different magnetic fusion devices are compared. Namely, the Tore Supra tokamak@Tore Supra
Team, Nuclear Fusion,40, 1047 ~2000!# with circular cross-section limiter-bounded plasma, the
Alcator C-Mod tokamak@B. LaBombardet al., Phys. Plasmas8, 2107~2001!# which is a divertor
device, the Mega-Ampere Spherical Tokamak~MAST! @A. Sykeset al., Phys. Plasmas8, 2101
~2001!# with vacuum chamber walls far from the plasma last closed flux surface and the PISCES
linear plasma device@D. Geobelet al., Rev. Sci. Istrum.56, 1717~1985!#. The statistical properties
of the turbulent signals in the four devices are found to be identical allowing us to conclude that
intermittent convective transport by avaloids is universal in the sense that it occurs and has the same
properties in many confinement devices with different configurations. ©2003 American Institute
of Physics. @DOI: 10.1063/1.1536166#
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I. INTRODUCTION

Turbulence in the scrape-off layer~SOL! of magnetically
confined plasmas has long been reported to be intermi
~see, for example, Refs. 1–5!. The nature of this transpor
was revisited recently in Refs. 6 and 7, where it was sho
that the intermittent structures are convective in nature, w
a high radial velocity reaching about 1/10th of the sou
speed. Avaloids were thus defined as large-scale cohe
concentration of plasma that are encountered intermitte
in the SOL having high radial velocities. They are respo
sible for the intermittent convective transport leading
plasma in the SOL that exists in a discontinuous fashion a
is intermittent. It was also shown that, even though they m
occupy less than 20% of the total duration of the signal, th
account for about 50% of the radial transport near the
closed flux surface. In the far SOL, and because turbu
diffusion is nearly absent, intermittent convective transp
accounts for the totality of the plasma that survived para
transport.

The main contribution of this article is to emphasize t
universality of intermittent convective transport by avaloid
4191070-664X/2003/10(2)/419/10/$20.00
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We compare the fluctuations properties for different confi
ment devices, and provide experimental evidence that
fluctuations properties are identical in various aspects.
achieve our purpose, we compare the raw signals, the p
ability distribution functions~PDF’s!, the power spectrum
and the conditional averaging results from which one c
deduce the velocities and the spatial length scales of a
loids.

Intermittent convective transport leads to hot plasma
contact with the chamber first wall even when the latter is
from the last closed flux surface~LCFS!. Exponential, or
nearly-exponential, density decay often exists near
LCFS,8 but in the far SOL, the fast intermittent convectiv
transport tends to flatten the profile. Consequently, the S
is a region extending up to the vacuum vessel walls of o
field lines where turbulence dynamics are still complex a
highly intermittent. We have shown in the PISCES line
device, that plasma extends up to the wall located at 10
away from the plasma center, that is, at 4 times the plas
radius equal to 2.5 cm. It will be shown hereafter that plas
is detected as far as 30 cm away from the LCFS in
MAST spherical tokamak. In Alcator C-MOD, avaloids lea
© 2003 American Institute of Physics
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420 Phys. Plasmas, Vol. 10, No. 2, February 2003 Antar et al.
to a flattening of the density profiles which can more na
rally be reproduced using a model based on a convec
ansatz~the time-averaged particle flux density proportion
to the local time-averaged density! than by a diffusive mode
where the time-averaged particle flux density is proportio
to the radial derivative of the local time-averaged density5

The SOL width is crucial to all plasma-facing comp
nents study and evaluation. The fact that fast intermitt
convective transport carries not only matter but also h
may lead to the enhanced erosion observed in many mag
cally confined devices.9 The average density and temperatu
that can be deduced from swept Langmuir probes under
mate the instantaneous values of the plasma density and
perature in the SOL. The existence of a threshold, ab
which physical sputtering by ions occurs, makes the role
avaloids in enhancing the sputtering even more crucial;
sputtering is not continuous but rather intermittent.

Another rather important subject affected by the avalo
existence is the understanding of the Bohm vs gyro-Bo
scaling of the heat and particle transport as a function ofr/a,
wherer anda are, respectively, the ion Larmor and plasm
minor radii.10 The existence of large-scale events with hi
radial velocity that dominates the transport, may in fact
the origin of the observed gyro-Bohm scaling where the p
ticle confinement time does not depend onr/a. The reason
behind this can be summarized as follows. Assume that
average radial velocity scales likeVr5cs(r/a) and the ef-
fective particle diffusion coefficient likeD5DB(r/a)
5rcs(r/a); the subscriptB denotes the Bohm-type. Then
for the particle confinement time (t) two cases can emerge

Diffusion dominated transport~Bohm!

tD5a2/D5
a2

DB
~a/r!,

Convection dominated transport~gyro2Bohm!

tV5a/Vr5
a2

DB
.

Accordingly, and assuming that some link exists betwe
core and edge turbulence, convective large-scale trans
events such avaloids can provide an explanation of why
perimental data does not scale like Bohm.

As it has been shown in Ref. 7, plasma density in the
SOL can attain momentarily the same values as inside
last closed flux surface. Hence, avaloids strongly affect
fluctuations measured by reflectometry at the plasma e
where the equivalence between time-of-flight and density
comes no longer valid. High densities in the SOL can lead
very low signals even when the reflectometer is probing
region inside the plasma but close to the LCFS.

The purpose of this article is to investigate the quest
of universality that we briefly exposed in Ref. 7 by comp
ing the turbulence properties in the SOL of PISCES and T
Supra, two very different plasma devices. To accomplish
purpose, we compare the properties of turbulence in
scrape-off layer of four different magnetic fusion device
that are, Alcator C-MOD, MAST, Tore Supra, and PISCE
Downloaded 03 Oct 2012 to 194.81.223.66. Redistribution subject to AIP lic
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We use mainly the ion saturation current recorded by La
muir probes for this comparison. It is shown that the turb
lent fluctuations from the statistical point of view are iden
cal for the four devices. The rest of this paper is organized
follows. In the next section, we describe briefly the four d
vices and the experimental conditions under which the d
were taken. Moreover, we describe the different configu
tions of the Langmuir probes, which change from very sm
in PISCES to relatively large and perturbative in Tore Sup
In Sec. III, we compare the raw signals and their histogra
In Sec. IV, we show that the power spectra of the four d
vices is composed of one scaling region with a scaling
ponent about21.6. The similarity of the average asymme
ric shape of avaloids is demonstrated in Sec. V as well as
similarity among the histograms of the time between t
events. Finally, and before concluding, we determine the s
tial length scales of avaloids and their velocities.

II. THE EXPERIMENTAL SETUPS

This section describes rather briefly the four plasma c
finement devices that are used in our comparison of the S
turbulence properties. The differences among the four
vices will be highlighted to support our claim that the ex
tence of avaloids is universal. We also describe the differ
Langmuir probes architecture and dimensions in order to
phasize that the statistical properties of the signals do
depend on the probe configuration. We recall that the f
machines are: the Tore Supra tokamak, the Alcator C-M
tokamak, the MAST spherical Torus, and the PISCES lin
plasma device.

A. The Tore Supra tokamak

Tore Supra is a tokamak with minor radius abouta
576 cm and a major radius equal toR52.25 m.11 The cross
section of the plasma is circular and a limiter separates
core plasma from the walls. The L-mode plasma conditio
under which the Langmuir probe measurements were ta
are: Toroidal magnetic field 1.5 T, plasma current 1 MA, a
the average plasma density about 431019 m23 ~see Ref. 6
for more details!.

The reciprocating Langmuir probe is installed on the t
of the Tore Supra tokamak.12 The tips configuration is illus-
trated in Fig. 1~a!. They are composed of two sets of thre
composite carbon tips with 0.6 cm of diameter toroida
separated by a distance of 2 cm. The poloidal separa
among the tips is 0.68 cm. The tips are shielded from
plasma by a 3 cm diam cylinder with six holes drilled
through it. The radius of the holes is 4 mm in diameter d
fining the collection area. The tips are biased to2100 V with
respect to the vessel ground and is verified to yield a pr
current in the ion saturation current. The probe goes into
plasma to a predetermined position and returns in about
ms. Several plunges are performed during each disch
and 8000 data points are recorded at a rate of 1 MHz. D
sets where the probe is nearly motionless with respect to
LCFS are selected. The distance to the last closed flux
face is chosen to be equal to 1.560.5 cm.
ense or copyright; see http://pop.aip.org/about/rights_and_permissions
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FIG. 1. A schematic of the four Langmuir probes used.~a! In Tore Supra the tips are protected by a cylinder with a 3 cmdiameter. Holes are drilled through
the protection cylinder defining the collection area. The holes diameter is 4 mm and the poloidal distance among the tips is 0.68 mm.~b! In Alcator C-Mod
the tips are flushed on the probe surface. Their diameter is 1.5 mm and distanced poloidally by 3.8 mm.~c! In MAST the probe contains 9 tips with diamete
1.5 mm and a height of 1 mm. The poloidal separation is 4 mm and the radial separation is 0.5 cm.~d! In PISCES is used a simple configuration of three ti
with 0.2 mm of diameter and a height of 1 mm. The poloidal distance is 0.5 mm.
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B. The Alcator C-Mod tokamak

In contrast to Tore Supra, the separation between
plasma and the walls is achieved using a divertor in the
cator C-Mod tokamak. The data that we are going to stu
were taken under the following plasma configuration: Ma
netic field equal to 5.3 T, plasma density about 131020 m23,
plasma current 0.8 MA, major radius 70 cm, and minor
dius 21 cm. The deuterium discharges were ohmically hea
with a single-lower null diverted equilibrium.13 The distance
between the LCFS and the walls is limited to few centim
ters.

The reciprocating probe on Alcator C-Mod is position
at 10 cm above the midplane on the low field side of
tokamak. However, no reciprocation is performed for t
present study, so the probe position in the SOL is fixed
well as the plasma radius and position. The probe positio
the LCFS is about 0.7 cm. The probe tips are positioned
indicated in Fig. 1~b!. The distance between two poloidal
separated tips is 0.38 cm. Each tip has a diameter of 0.15
They are flush to the surface of the probe head from wh
they are isolated by a ceramic coating. Two probes are bia
to the ion saturation current with a constant2200 V, and two
probes are kept floating providing the measurement of
poloidal electric field.14

C. The MAST spherical tokamak

The Mega Ampe`re Spherical Tokamak~MAST! has been
newly commissioned and newly operational.15 MAST has an
aspect ratio«5R/a about 1.4 (R50.73, a50.52) much
smaller than conventional tokamaks such Tore Supra and
cator C-Mod where« is equal to 3.24 and 3.33, respective
On the other hand, the plasma density, temperature, and
rent in the MAST are comparable to other tokamaks. The
used for our study is deuterium, and the main plasma par
eters are: magnetic field 0.6 T, plasma density 1.531019

m23, plasma current 0.7 MA. The plasma was ohmica
heated. MAST does not have a first wall close to the plas
therefore, one can look for avaloids far from the LCFS.

The tips setup on the probe head is schematized in
1~c!. It is located at the outer midplane and contains th
sets of tips. Each set contains three tips put in triple-pr
mode providing density and temperature fluctuations m
Downloaded 03 Oct 2012 to 194.81.223.66. Redistribution subject to AIP lic
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surement. The diameter of each tip is 0.15 cm and the po
dal distance among one set of tips is 0.4 cm. In the ra
direction the distance between the two set of probes is
cm. The acquisition frequency is 1 MHz and the total nu
ber of points recorded for each tip is 180 000. For the d
used here, the probe remained in the SOL with distan
between 5 and 30 cm from the LCFS.

D. The PISCES linear device

Plasma in the PISCES linear device is maintained by
electrons coming from a lanthanum–hexaboride (LaB6)
plate leading to a steady state reflex arc discharge.16 The
baffle tube and the axial magnetic field (B50.12– 0.24 T!
limit the plasma radial extension. The baffle tube is cente
on the axis of symmetry of the cylindrical plasma and ha
radius ofr 52.5 cm. The vessel wall is at a distance 10 c
from the plasma center. The electron density and tempera
inside the main plasma column are about 431018 m23 and
20 eV. Plasma properties are investigated by a three
Langmuir probe having each a diameter of 0.2 mm and
loidally separated by 0.5 mm. The middle tip records the
saturation current (I sat) and the other two the floating poten
tial (f). In this article, the working gas in PISCES is hydr
gen.

III. THE PROBABILITY DISTRIBUTION FUNCTION

This section is dedicated to comparing the raw ion sa
ration signals and the probability distribution function~PDF!
for the four plasma devices. Before showing the statisti
properties of the four signals, we aim at giving the reader
opportunity to view the raw signals recorded in the SOL
the MAST, Alcator C-Mod, Tore Supra, and PISCES. In F
2 is plotted the four raw signals normalized to the stand
deviations so one can assess visually how much the sp
intensity exceeds the standard deviation values. The four
nals show the same apparent behavior where they con
high frequency fluctuations on the top of an intermittent lo
frequency component. Avaloids signature, that is high int
sity spikes, can be rather easily distinguished in the f
plots. We do not observe any negative component of
bursts in the SOL of the four devices. Moreover, they lo
asymmetric in time, rising up abruptly and decaying rath
ense or copyright; see http://pop.aip.org/about/rights_and_permissions
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422 Phys. Plasmas, Vol. 10, No. 2, February 2003 Antar et al.
slowly. This fact is highlighted statistically after performin
conditional averaging6 and will be discussed hereafter. Th
other aspect common to the four time series is the same l
of high frequency fluctuations inside and outside the spik
This fact suggests that avaloids do not excite small sc
fluctuations. The same argument was used in Ref. 7, wh
the high frequency component of the frequency spectra,
flecting turbulence small scales, decayed rapidly with an
ponential law. On the other hand, the low frequency fluct
tions, which reflect large turbulent scales, survived
parallel transport leading to plasma recorded even at 10
from the main plasma column center in PISCES.

Investigating the PDF’s of turbulent fluctuations in ge
eral was emphasized by the Kolmogorov article, often ca

FIG. 2. The ion saturation current taken in the scrape-off layer of the
fusion devices MAST~a!, Alcator C-Mod~b!, Tore Supra~c!, and PISCES
~d!. The arrows indicate the signature of avaloids.
Downloaded 03 Oct 2012 to 194.81.223.66. Redistribution subject to AIP lic
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K41,17 in which he assumed that fluctuations are rando
Because the PDF of a random variable is Gaussian, it
rather straightforward to check this hypothesis by mai
using the normalized third and forth order moments of
fluctuating signal. For a signal denoted byx, the skewness
factor is defined aŝx3&/^x2&3/2 and is equal to 0 for a Gauss
ian distribution reflecting its symmetry around the avera
value. The flatness factor is defined as^x4&/^x2&2 and it can
be considered as a measure of the weight of the tails o
distribution; it is equal to 3 for a Gaussian distributio
Townsend was one of the first to measure the PDF of
turbulent velocity field in a neutral fluid and obtained for th
flatness factor a number close to 3, a value appropriate
normal distribution.18,19 In the SOL of magnetic confinemen
devices, it was reported by several authors that the PDF
the ion saturation current is not Gaussian reflecting the
viation from a normal distribution law. Figure 3 shows th
PDF for the four confinement devices Tore Supra, Alca
C-Mod, MAST, and PISCES. They are normalized so th
the PDF’s integral is equal to 1, and the signals are norm
ized to their standard deviations. The features that were
phasized in Refs. 6 and 7 are reproduced for the four devi
namely:

~1! The part of the PDF that reflects negative density flu
tuations decreases sharply with increasing intensity.
ing in a semilogarithmic frame, this decrease indica
that the PDFs are very much close to a Gaussian di
bution. Hence, the probability distribution functio
quantifies the visual inspection of the four raw signa
where the positive spikes do not seem to have a nega
density fluctuation component.

~2! The part of the PDF that reflects positive density flu
tuations is highly non-Gaussian. The tails in a semilog
rithmic frame decrease linearly reflecting an exponen

r

FIG. 3. A semilogarithmic plot of the PDF of the ion saturation current
the Tore Supra~solid line!, Alcator C-Mod ~thick solid line!, MAST
~dashed–dotted line!, and PISCES~dots!. The ion saturation current wa
normalized to the standard deviation and the integral of the four PDF is
equal to 1.
ense or copyright; see http://pop.aip.org/about/rights_and_permissions
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law. The skewness and flatness factors of these cu
are about 3 and 10, respectively, far from 0 and 3 fo
Gaussian distribution.

We deduce that a visual inspection of the signal gives
some hints that the signals properties are similar for the f
confinement devices. The PDF is one statistical tool that c
firms this similarity.

IV. THE POWER SPECTRUM

The power spectrum (S), which is the Fourier transform
of the second order correlation function, quantifies the c
relation properties of a signal. For a white noise, the pow
spectrum has a flat featureless dependence on the frequ
indicating that there is no preferable frequency around wh
the fluctuation intensity occurs. On the other hand, a s
wave produces a narrow band peak indicating that all
fluctuations are occurring at the same frequency. For tur
lence, Kolmogorov theory~K41! had a big impact on the
way researchers investigated the correlation properties.
main advance was the assumption that, in the so-called
tial subrange, the correlation properties are self-similar le
ing to a power law dependence. It is for this reason that
plot in Fig. 4 the power spectra for the four confineme
devices in a log–log frame. Another rather important asp
of turbulence power spectra is continuity. Landau assum
that power spectra is formed of an infinite number of fi
lines each reflecting a mode.20 But Ruelle and Takens
showed that turbulence spectra can be continuous in
sense that only a few modes, because of their nonlinea
teractions, can lead to a broadband spectrum.21 The second
concept of continuous spectrum was the one that was
served experimentally.22

In PISCES, the acquisition frequency is equal to 2 MH
whereas in Alcator C-Mod and MAST and Tore Supra it
equal to 1 MHz. The four curves have the same correla
properties, namely:

FIG. 4. A log–log plot of the power spectrum of the ion saturation curr
fluctuations in Tore Supra~solid line!, Alcator C-Mod ~thick solid line!,
MAST ~dashed–dotted line!, and PISCES~dots!. The ion saturation cur-
rents, taken in the SOL, were normalized to the standard deviations.
Downloaded 03 Oct 2012 to 194.81.223.66. Redistribution subject to AIP lic
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~1! Only one scaling region is detected. This behavior in
cates that the correlation is self-similar at least till t
second order and that a description of the formS; f j is
valid.

~2! The same scaling exponent describes the four po
spectra,j.21.6.

~3! The power spectra contain very little high frequen
fluctuations. All the measurements indicate that t
power spectrum reflects instrumental noise for frequ
cies above 300 kHz.

We conclude that the correlation properties of the flu
tuations in the four plasma devices are similar.

V. CONDITIONAL AVERAGING

Conditional averaging is a statistical tool used to sel
and study portions of a signal with some specific featur
The selection criterion is dictated by the type of informati
that one wants to investigate. For our analysis, the interm
tent bursts are chosen with respect to their amplitude. H
ever, one can choose different aspects such as coheren
oscillation duration. The threshold above which the amp
tude is selected is three times the standard deviation. F
random signal with a Gaussian distribution, only 0.13
would be encountered with amplitude greater than th
times the standard deviation. For intermittent signals,
have shown in Ref. 6 that the dependence on the choic
the threshold is not crucial. As long as the threshold is
lected above the standard deviation, the number of bu
selected is more or less the same because they appear
mittently with intensity much greater than the background

Conditional averaging is achieved by first selecting t
maxima above a certain threshold. The selection process
be made on the signal, its absolute value or one can put
signal to an arbitrary power. The reason we select the ab
lute value of the signal is not to bias our choice towar
positive or negative high intensity events. In order to stu
the time dependence of these high intensity bursts, we re
50 data points about each maximum. This leads to a ma
of 1003Nmax, whereNmax is the number of maxima. In the
selection, we make sure that maxima are separated by
data points so we do not favor artificially one burst with a
of fluctuations.

Langmuir probes usually have several tips with so
biased to the ion saturation current, some are floating or
triple probe configuration. We select the ion saturation ti
series because we are interested in the bursts that tran
relatively large amounts of particles. However, one can a
choose for example the floating potential23 or the radial ve-
locity deduced from the difference between two poloida
separated floating tips. In the latter case, one would be lo
ing at characterizing high velocity events.

Once the maxima are pin pointed, we define the ‘‘au
conditional averaging’’ to indicate the case where t
maxima selection and the averaging are performed on
same signal. On the other hand, ‘‘cross-conditional aver
ing’’ describes the case where the selection is made on
signal and the averaging is made on another.

t
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FIG. 5. The autoconditional averag
Cnn in Tore Supra~solid line!, Alcator
C-Mod ~thick solid line!, MAST
~dashed–dotted line!, and PISCES
~dots!.
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In the above discussion, we indicated that there are s
eral ways to use conditional averaging. It allowed us to j
tify the different choices that we made in order to analyze
turbulent signals in the SOL of the four fusion devices.

A. The average shape of an avaloid

As discussed earlier, the averaging over the numbe
maxima reduces the matrix to a vector with 100 eleme
that describes, on the average, the shape of the bursts
their intensity. Figure 5 shows the result of the autocon
tional averagingCnn for the four devices, Tore Supra, Alca
tor C-Mod, MAST, and PISCES; the indicesnn indicates
that the selection of the maxima was done on the den
fluctuations and the averaging was performed on the den
fluctuations. The data were normalized to the standard de
tion of the overall signal. This figure clearly put forward th
similarity of the avaloids signature on the ion saturation c
rent that can be summarized in two points:

~1! Although in the selection no difference is made betwe
positive and negative fluctuations, the four curves in
cate that bursts are primarily composed of positive fl
tuations. This is in agreement with the PDF of the fo
data strings which quantify this aspect and confirms t
avaloids do not possess a negative fluctuation com
nent.

~2! The curve in time shows asymmetry where an abr
increase at negative times is followed by a longer
crease at positive times. This is indicative of the spa
shape of the avaloids which may be composed of a sh
front of matter followed by a long tail~like comets!. In
fusion plasmas this shape is often related to relaxa
phenomena.
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The above two main properties also suggest that the bu
are not coherent structures caused by coherent vorticity
is encountered in neutral fluids. Coherent vortices lead
particle concentration around the core leading to negative
well as positive density fluctuations. Moreover, it leads
spatial symmetry around the core because of the rotat
Hence, intermittent structures in the SOL of magnetica
confined plasmas are different from the ones found in neu
fluids.

B. Radial velocities and spatial scales

The autoconditional average describes the time signa
of avaloids. In this section, we determine their radial veloc
as well as their spatial dimension. In Ref. 7, we showed t
in PISCES, avaloids velocity can reach 1500 m/s in the SO
Among the four devices, we were able to determine the a
loids radial velocity (Vr) in MAST, Alcator C-Mod, and PI-
SCES. In C-Mod and PISCES,Vr is determined asEu /BT ,
where Eu is the poloidal electric field measured from th
difference of two poloidally separated floating tips.
MAST, Vr is calculated by cross-conditional averaging tw
radially separated tips biased to the ion saturation curr
The results are plotted in Fig. 6. In Alcator C-Mod the rad
average velocity is about 43104 cm/s, whereas in PISCES
it is 1.53105 cm/s. In MAST, the radial distance between t
probes being 0.5 cm, and taking into account a shift of 5ms,
we obtain a radial velocity about 13105 cm/s. These veloci-
ties can thus reach about 1/10th of the sound speed ma
this process of radial convection transport competitive w
the parallel transport. Without this high radial velocity the
structures could not survive the action of nearby walls a
ense or copyright; see http://pop.aip.org/about/rights_and_permissions
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parallel transport. On the other hand, one can note the as
metric shape of theVr in agreement with that of the densit
fluctuations.

Having the three velocities, the radial length scales
avaloids are thus estimated at about 1/e of Cnn to be 4 cm in
MAST, 1 cm in Alcator C-Mod, and PISCES. In addition
the magnetic configuration which might still play a role, t
reason that the velocity and length scales of Alcator C-M
are found smaller than in PISCES and MAST is proba
caused by the vicinity of the walls to the plasma. This sho
ens the parallel connection lengths and thus enhances
parallel transport leading to a decrease of the avaloids po
dal and radial scales. The strong magnetic field of C-M
may also play a role in setting the size of avaloids. In To
Supra, we used the conditional average technique on t
poloidally separated tips and obtained a poloidal velocity
avaloids about 5.73103 cm/s and a poloidal length of 5.
cm.6

C. The time between two bursts

Once the maxima are selected, one can determine
waiting time between two burstsDT and its PDF. Figure 7
shows the result of this operation conducted on the f
plasma devices. The four PDF’s have the following simi
properties:

~1! The four devices present a PDF that is centered abo
frequency of 200ms. Consequently, the process behi

FIG. 6. ~a! and ~b! is the cross-conditional average in Alcator C-Mod a
PISCES, respectively. The radial velocity is theEÃB drift deduced from the
difference of two poloidally separated tips. In~c! is shown the cross-
conditional average in MAST where maxima are selected on one tip bi
to the ion saturation current and the conditional averaging is performe
another tip, also biased to the ion saturation, but radially distanced by
cm.
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the generation of avaloids may be periodic. This is ac
ally in agreement with the avaloids shape which sugge
some type of a relaxation phenomenon.

~2! The PDF is skewed towards largerDT’s. This fact re-
flects intermittency where larger lapses between t
bursts contribute in a significant manner to the PDF
DT.

One can show that when the graphs are plotted in a se
logarithmic plot, the part of the PDF which is greater th
the average value presents a linear behavior reflecting
exponential-type distribution.

D. On the relation between the waiting time and the
amplitude

Relaxation phenomena can be periodic, such as sawt
inside a tokamak, or SOC-type such as sand piles. One o
main properties of self-organized critical~SOC! phenomena
is the relation between the waiting time and the amplitude
the avalanche.24 In other words, due to some type of friction
there is a build up of the profile until some critical gradien
Once this local gradient is steeper than the critical one,
avalanche is ejected. Because the gradient is everyw
critical the avalanche rolls all the way down the slope unti
reaches a place with a shallower gradient. In such a phen
enon there is a close relationship between the waiting t

ed
n
.5

FIG. 7. The histogram of the times between two bursts for PISCES~a!,
Alcator C-Mod ~b!, Tore Supra~c!, and MAST~d!.
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and the avalanche amplitude. In contrast to the SOC,
periodic type of relaxation no relation is expected betwe
the waiting time and the amplitude.

In fusion, SOC models were proposed to explain
discrepancies between theory and experiment.25 Some fea-
tures of this model were supported by experiments using
power spectra.26 However, many different mechanisms ma
lead to a 1/f type of spectrum and, on the other hand, ma
SOC-type phenomena lead to power spectra different f
1/f . Hence, and as it was concluded in Ref. 6 one sho
compare not only the power spectrum but also other pro
ties. In the present article, the power spectra did not show
the four devices a 1/f scaling region. This fact should not b
interpreted as an argument against the SOC phenomeno
as we just indicated above.

But being able to pin point the maxima above a cert
threshold, one can relate the time between bursts to the
plitude of the burst. This is plotted in Fig. 8 for the fou
devices. It is rather clear that there is no relation betweenDT
and the bursts amplitude. A SOC-type phenomenon wo
lead to data points aligned along a line with some nonv
ishing slope. Consequently, we deduce that the process
derlying avaloids is not of SOC-type. This is true for at lea
MAST, Alcator C-Mod, Tore Supra, and PISCES.

Using the conditional averaging technique, we put f
ward the similarity of the temporal properties of avaloids

FIG. 8. For PISCES in~a!, Alcator C-Mod in ~b!, Tore Supra in~c! and
MAST in ~d!, is plotted the time between two bursts with amplitude grea
than three times the standard deviation as a function of the bursts inte
Downloaded 03 Oct 2012 to 194.81.223.66. Redistribution subject to AIP lic
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the four plasma devices MAST, Tore Supra, Alcator C-Mo
and PSICES. This is reflected in the shape of the au
conditional average as well as in the waiting time distrib
tion. We also showed that in Alcator C-Mod, PISCES, a
MAST the radial velocity of avaloids can reach 1/10th of t
sound speed. Finally we showed that there is no rela
between the waiting time and the amplitude. This sugge
that origin of avaloids is most probably not of the SOC-typ

VI. MAST PROFILES

In PISCES avaloids are detected at the wall, that is
7.5 cm far from the plasma edge.7 In Fig. 9~a!, we show that
this is also the case for MAST spherical torus where plas
is detected up to 30 cm away from the LCFS. The aver
ion saturation current dependence on the distancer to the
LCFS is shown in Fig. 9~b!, and can be approximated by a
exponential decay withlSOL.1.6 cm. However, this ap-
proximation is valid only untilr .9 cm and cannot repro
duce the profile which extends at least twice as far. O
should recall that MAST does not have a first wall that c
produce a sink for particles. This leads to avaloids rad
propagation without significant losses due to short para
connections. Hence, the profile should be rather flat whic
the case as indicated in Fig. 9~b!.

The main conclusion one can draw is that in MAS
spherical torus, as in PISCES linear device, plasma is
tected in an intermittent fashion at distances far from the
closed flux surface. This distance can be several 10’s of c
timeters depending on the existence or not of first walls t
enhance parallel transport by reducing the parallel conn
tion lengths.

VII. CONCLUSION

The purpose of this article is to investigate the univ
sality of convective turbulence in the scrape-off layer
magnetically confined plasmas. The four chosen devices
different in many ways. MAST is a spherical tokamak wh
Alcator C-Mod is a conventional tokamak. The differen
between Alcator C-Mod and Tore Supra is the way plasm
being kept away from walls, diverted in the first limited
the second. Finally PISCES differs from all the other thr
by being a linear device with no closed field lines and
curvature.

The comparison among the different turbulent sign
was performed using different statistical analyses. The r
son behind using several signal processing schemes
show that the signals are identical in many different wa
First, we used the raw time traces of the ion saturation c
rents which, at least visually, showed that the four time se
are similar containing high frequency fluctuations in additi
to a low frequency component that reflects avaloids. T
probability distribution function was the first statistical to
used for comparison. The same features were recorded o
four signals, that is, positively skewed graphs with a Gau
ian negative density fluctuations. The power spectra w
shown to be similar reflecting the same correlation prop
ties. This was reflected in the same scaling exponent of o
one scaling region. The use of the conditional averaging

r
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FIG. 9. ~a! The ion saturation current
as function of time in MAST. Also is
shown the probe motion during the
same time indicating that the prob
moved as close as 5 cm to the LCF
~thick solid line!. ~b! The radial aver-
age profile and the fit by an exponen
tial law leading toe2x/l, wherel is
about 1.6 cm. Note that this determ
nation is calculated with a radial offse
of 5 cm.
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vealed the same average temporal signature of avaloids
the four devices. We recorded an abrupt increase of the
sity followed by a rather slow decrease. This fact provid
hints that the generation process may be a relaxation
nomenon. The idea that this relaxation phenomenon is of
SOC type is undermined by the experimental finding that
amplitude of the fluctuation does not depend on the wait
time. The histogram of the time between two bursts is sho
to be similar as well with a rather central frequency a
positively skewed distribution. For the four devices the va
of the central frequency is almost the same about 200ms.
From the conditional averaging, we determined the avalo
radial velocities and radial length scales. The velocities w
found to be high ranging from 500 m/s in Alcator C-Mod
1000 m/s in MAST.

Toroidal geometry does not seem to be a necessary
dition for the existence of avaloids because they are dete
in toroidal as well as linear devices. This conclusion, ho
ever, should not be interpreted as the curvature drift does
lead to avaloids generation or does not play a role in avalo
propagation. As a matter of fact, the curvature drift or ce
trifugal forces are equivalent to the gravitational force in t
sense that they can all lead to a Rayleigh–Taylor type
instability.27 Accordingly, while in tokamaks, avaloids gen
eration as well as propagation might be dominated by
curvature drift,28 in linear devices another equivalent forc
such as the centrifugal force, might play this role leading
the same dynamics in the SOL as reported here. Hence
fact that turbulence properties are the same in linear
toroidal devices does not allow us to conclude whether
curvature effects dominate or not avaloids dynamics. In
der to have a clearer picture about the importance of diffe
Downloaded 03 Oct 2012 to 194.81.223.66. Redistribution subject to AIP lic
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processes, two additional investigations should be un
taken: First, is linear stability analysis and detailed simu
tion of the plasma edge including the scrape-off layer. T
should help identifying the type of instability that is takin
place. Second, are parametric dependencies of the turbul
properties, where one can take advantage of the fact
different forces depend on different plasma parameters. T
is the case for example of the temperature for the curva
drift and the poloidal velocity for the centrifugal force. On
advantage that can be deduced from the analyses of this
per is that models and simulations of this process can
easier accomplished as simple geometry can be used.

We also showed that in MAST, plasma is detected
exist in bursts even at 30 cm away from the last closed fl
surface. The same type of profile was shown in PISC
where plasma was detected in bursts as far as 10 cm~plasma
radius equal to 2.5 cm!.

The present comparison was made not only on differ
magnetic confinement devices but also using different pr
designs. The dimensions of the probe scan from rather bi
Tore Supra to very small in PISCES. The present investi
tion shows that the probe perturbation is not responsible
the bursts generation and does not alter significantly tur
lence properties in the scrape-off layer. It is often admit
that probe perturbation of turbulence occurs and may be
nificant at scales equal and smaller than the probe dimens
But on the other hand, turbulence spatial scales are i
grated over the probe scale. Consequently, the perturba
cannot be detected because while the probe perturbs s
scales, it also averages over them. So, as long as turbul
with scales larger than the probe is investigated, the pro
ties of the fluctuations are little affected. Further investig
ense or copyright; see http://pop.aip.org/about/rights_and_permissions
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tion is required about the probes effects on the absolute
ues of transport as it was discussed in Ref. 14.

The detailed study presented in this article showed
intermittent convective transport by intermittent large-sc
high-velocity events, called avaloids, is universal in t
sense that it is encountered in most toroidal as well as lin
plasma devices leading to identical properties of turbul
fluctuations in the scrape-off layer.
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