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PHYSICS OF PLASMAS VOLUME 10, NUMBER 9 SEPTEMBER 2003
On the origin of ‘‘intermittency’’ in the scrape-off layer of linear magnetic
confinement devices

G. Y. Antar
Fusion Energy Research Program, University of California San Diego, 9500 Gilman Drive, La Jolla,
California 92093-0417

~Received 19 March 2003; accepted 2 June 2003!

The goal of this article is to show that the ‘‘intermittent’’ convective transport in the scrape-off layer
~SOL! of linear magnetic confinement plasmas actually takes placeperiodically. This is reflected in
several features that are unveiled in this article. It is found that the distribution of the time between
high-amplitude bursts, selected above a given threshold, has a central frequency in the SOL.
Moreover, this distribution is found similar to the one taken inside the main plasma column as the
threshold is reduced, suggesting links between the SOL and the main plasma column. The power
spectrum of the radial flux is determined, indicating the presence of a coherent peak that accounts
for about 50% of the transport. Using two probes that are poloidally and radially separated, it is
shown that a burst in the SOL is correlated to a wave packet inside the main plasma column. The
relation between the two distant regions is thus assured by avaloids that are nonlocal structures in
nature as they have velocities much higher than the background. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1599855#
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I. INTRODUCTION

Intermittency in the scrape-off layer~SOL! was observed
in nearly all magnetically confined plasmas.1–4 A recent in-
vestigation indicates that intermittent events have la
scales, greater or about the macro-scale of turbulence,
high radial velocities as high as 1/10th of the sound spe5

These structures were named avaloids, and they trans
about 50% of matter outside the main plasma. Becaus
their properties, avaloids alter the concept of the scrape
layer ~SOL! where hot and dense plasma is no longer limi
to a region near the last closed flux surface but can be fo
far from it with intensity as high as at the plasma edge5,6

Avaloids density and temperature do not decay expon
tially, leading to the observed flat profiles in tokamaks a
linear plasma devices7 that cannot be described by a pure
diffusive approach. They can explain the enhanced ero
and the high impurity levels recorded on different tokamak8

For devices like ITER~International Thermonuclear Exper
mental Reactor!,9 they could lead to a high level of erosio
of the first wall. Furthermore, recent results suggest t
there may exist a relation between the fast convective tra
port and the density limit.10 Other area where avaloids ma
play a crucial role is the Bohm versus gyro-Bohm scalin
The identification of large-scale events with high radial v
locity can in fact explain the gyro-Bohm scaling.9 Taking
into account the new experimental findings, high radial
locity was included in the widely usedUEDGE code model,
leading to an accurate description of the plasma parame
in the DIII-D tokamak.11

The goal of this article is to show that, even thou
avaloids are encountered intermittently, they are gener
periodically by an instability occurring at the plasma edg
The results of this article are obtained in the PISCES lin
plasma device. We believe, however, that they are releva
3621070-664X/2003/10(9)/3629/6/$20.00
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toroidal fusion devices, as we have shown in detail that
statistical properties of turbulence in the scrape-off layer
linear and toroidal devices are identical.6 This was obtained
using different types of data analyses, and in spite of
different magnetic configurations and Langmuir probe arc
tectures.

II. THE PISCES SETUP

The results presented here are obtained on the PIS
linear device.12,5,6 Figure 1 illustrates a schematic of P
SCES. A baffle tube, acting like a circular limiter, reduces t
radial extension of the plasma to 2.5 cm in radius while
chamber walls have a radius ofr 510 cm. The axial mag-
netic field isB50.12 T. The electron density and temper
ture are shown in Figs. 2~a! and 2~b!, respectively. The
plasma density shape can be approximated by a Gaussi
contrary to the temperature profile, where the gradient at
plasma edge is steeper. The plasma recorded farther tha
cm is caused by radial transport, as it is the only plas
source present in this region. We call SOL in PISCES
region 10>r>2.5. Langmuir probes are used with three c
lindrical tips having a length of 0.5 mm and a diameter of 0
mm. Two tips are floating and one is biased to the ion sa
ration current (I sat). The acquisition frequency is set to
MHz with 23106 points recorded.

III. EXPERIMENTAL RESULTS

A. Conditional averaging threshold variation

The conditional averaging technique consists in selec
maxima ofI sat above a certain threshold (I th), here equal to
three times the standard deviation~s!. Figure 3~a! shows that
the probability distribution function~PDF! of the time be-
tween bursts (DT) peaks around 5 kHz in the SOL o
9 © 2003 American Institute of Physics
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3630 Phys. Plasmas, Vol. 10, No. 9, September 2003 G. Y. Antar
PISCES.5 It is hard, however, to conclude whether the ge
eration process is periodic or intermittent because of the l
tail toward longer waiting times. We should emphasize t
the same distribution is recorded in the SOL of the To
Supra, Alcator C-MOD and Mega-Ampe`re Spherical Toka-
mak ~MAST! tokamaks, as exposed in Ref. 6. Figure 3~a!
indicates that PDF(DT) changes shape as the main colum
plasma is probed. It seems more spread not having a defi
central frequency. But this is merely a consequence of
lack of events selected above the threshold. Figure 3~b!
shows the number of spikes decreasing dramatically w
the probe is moved inside the main plasma column. Thi
caused by the change in the signal properties from inter
tent (r .2.5) to Gaussian (r ,2.5), as was shown in Ref. 5

FIG. 1. Schematic of the PISCES-A linear plasma device.

FIG. 2. ~a!, ~b!, and~c! show the radial dependence of electron density a
temperature and the plasma space potential in PISCES in dots. In~a! and~c!,
the thick solid lines reflect a Gaussian fit of the experimental data. In~b!, the
thick solid line reflects the filtered data.
Downloaded 26 Apr 2004 to 132.239.202.90. Redistribution subject to AIP
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In order to have more information about the nature of
fluctuations inside the main plasma column, the number
bursts,Nb , is determined as function ofI th . The result is
plotted in Fig. 4~a! for different radial positions of the probe
For r .2.5,Nb decreases rather slowly according toI th

20.5, in
agreement with the results found on the Tore Su
tokamak.13 This is reflective of intermittency and in contra
to a random Gaussian signal, whereNb;I th

21. Inside the
main plasma column, Fig. 4~a! shows thatNb decreases
sharply just afterI th52s, and the number of spikes near
goes to zero. This behavior is expected for signals where
amplitude is bounded, such as waves. The threshold pos
in this case plays a critical role: when it is below the amp
tude of the oscillation all the events are enumerated; oth
wise, no events are selected andNb tends rapidly to zero.
Furthermore, forI th;1.8s the distribution of the waiting
times in the SOL and inside the plasma are now similar,
shown in Fig. 4~b!. This strongly suggests a relationship b
tween the average waiting time between two bursts in
SOL and the dynamics inside the main plasma column.

B. The power spectrum

The coherent oscillation, suggested by changing
threshold of the conditional averaging, is reflected mo
clearly in the power spectra plotted in Fig. 5~a!. The fre-
quency spectra of the density (un( f )u2), radial velocity
„uVr( f )u2

… and radial flux (R„n( f )Vr* ( f )…) inside the plasma
contain a coherent peak at a frequencyf .80 kHz. Accord-
ing to Fig. 5~a!, about 50% of the particles that are eject
radially outside the main plasma column is taking place a
this frequency.

The complete characterization of what type of instabil
is out of the scope of this paper. It requires numerical sim
lations, taking into account, for example, the plasma rotati
the fixed boundary caused by the baffle tube presence,
finite Larmor radius effects (r i.3 mm) and the presence o
a high-intensity turbulent fluctuations. However, some
sight on the nature of the low-frequency mode observed
PISCES can be gained using simple arguments.

Experimentally, two typical frequencies reflecting cohe
ent oscillations are detected. First is the low-frequency os
lation about 5 kHz. It is reflected in the filteredI sat signal for
r ,2.5 cm, plotted in Fig. 5~b!, as well as in distribution
between high-intensity events in the SOL. Second is the
kHz oscillation reflected in the raw signal ofI sat and thus in
the power spectrum. The difference between the two typ
frequencies can be accounted for by considering theEW ÃBW

and the diamagnetic drifts. This is because the time betw
two bursts does not depend on the Doppler shift as does
power spectrum. Figure 2 shows the profiles of the elect
density and temperature as well as the plasma space pote
as function ofr. One can deduce the length scale of dens
and temperature gradients to be about 1 cm. From Fig. 2~c!,
the radial electric field is about 3 V/cm. Accordingly, th
frequencies associated to theEW ÃBW and the diamagnetic drifts
are about 17 and 50 kHz, respectively. Adding them
yields an average Doppler frequency of about 67 kHz.

d
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FIG. 3. ~a! The PDF ofDT at r 54, 5,
and 6 cm, and the solid edge bars a
for r 52 cm. The PDF’s are not nor-
malized so they axis reflects the num-
ber of counts. ~b! The number of
bursts recorded onI sat for I th53s as a
function of r for four plunges to dem-
onstrate the reproducibility of the re
sult. At the main plasma column edge
the signals are nonstationary leadin
to the fast modulation ofNb where
there is overestimation followed by
underestimation ofNb as r increases.
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A 1 cm scale of the density and temperature gradi
leads to a drift-wave instability frequency about 50m kHz, m
being the azimuthal mode number. Even form51, this type
of instability cannot explain either of the two frequenci
detected experimentally as it yields values too high with
spect to what is being observed~around 50 kHz for the low
frequency and 120 kHz when the Doppler shift frequency
added!. However, this instability could well be behind th
high level of incoherent turbulent fluctuations observed
PISCES and reflected in the broadband component of
spectrum that accounts for about 50% of the radial transp

The type of instabilities leading to the coherent lo
frequency oscillation could well be of Rayleigh–Tayl
type.14 The theoretical investigation of the centrifugal flut
mode instability in bounded plasmas with high rotation w
investigated in Ref. 15. Accordingly, and for the plasma co
ditions of PISCES, one finds that the mode frequency
about the diamagnetic drift velocity for the ions. The io
temperature in PISCES being about 1 eV leads to a m
frequency about 5m kHz. Form51, this mode frequency is
close to the one observed experimentally from the time
tween two bursts. Moreover, adding theEW ÃBW and the dia-
magnetic drift frequencies leads a value in agreement w
the position of the power spectrum coherent peak, tha
about 80 kHz. Should we mention that previous attempts
the Columbia linear device to identify the instability behin
an 80 kHz mode has led to the same conclusion.16

By inducing a high level of fluctuations, drift-wave tu
bulence could trigger other instabilities, such as Rayleig
Taylor, that initially would have been stable for low levels
fluctuations. So, even if the instability might be of th
Rayleigh–Taylor type, one should take into account the
Downloaded 26 Apr 2004 to 132.239.202.90. Redistribution subject to AIP
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terplay with drift-wave turbulence that could supply the hi
level of fluctuations needed to destabilize the flow.

C. Cross-correlating inside and outside the main
plasma column

We aim now at showing that the fluctuations in the SO
dominated by avaloids, and the fluctuations inside the m
plasma column, dominated by the mode at 80 kHz, are a
ally correlated. We make use of two identical Langmu
probes positioned horizontally and vertically in PISCES
relate the density fluctuations deduced from the two ion sa
ration currents. The horizontal probe is fixed, and its posit
(r F) is altered after each plunge of the vertical reciprocat
probe. The data acquisition on the two probes is triggere
the same time and for eachr F , two million points are re-
corded. Figure 5~b! shows twoI sat signals recorded at the
same time where the vertical probe is inside the plasma
the horizontal probe is atr F57 cm. The vertical probe signa
was filtered around 80 kHz. Inside the plasma, Fig. 5~b! in-
dicates that the peak at 80 kHz is actually formed of a wa
that grows, saturates, loses intensity, and then grows ag
At the same time, far into the SOL, the signal contains hig
intensity bursts on top of a small background turbulent lev
One can see that the time interval between wave packe
about the same as the time between bursts, leading to
similarity of PDF(DT) in the SOL and inside the plasm
reported in Fig. 4.

The twoI satsignals recorded on the vertical and horizo
tal probes are divided into a number,N, of nonoverlapping
regions. After calculating the cross-correlation coefficie
CRF for the N3N matrix, it is found thatCRF is above the
of

e

FIG. 4. ~a! The number of burstsNb

plotted againstI th /s for r 52.5 and 6
cm in thick solid lines; the thin solid
lines represent intermediate values
r. ~b! The PDF ofDT at r 52 and 6
cm for I th51.8s, showing the strong
similarities in shape. The PDF’s ar
not normalized so they axis reflects
the number of counts.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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FIG. 5. ~a! The power spectra of the
density ~n!, radial velocity (Vr), and
radial flux (G r) in arbitrary units atr
.2 cm normalized to maximum inten
sity. ~b! The thick solid line represents
I sat from the fixed probe atr F.7 cm.
At the same time, the solid curve isI sat

from the reciprocating probe filtered
around 80 kHz atr R.2 cm. BothI sat

signals are in arbitrary units.
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noise level only for time series starting at the same time
the two probes. This is shown in Fig. 6~a! for r F.2 cm using
the quantity max(CRF)2min(CRF).

On the other hand, the amplitude of max(CRF)
2min(CRF), shown in Fig. 6~b!, varies withr. It is about 0.6
when the two probes are inside the plasma. The cro
correlation amplitude then decreases with increasingr. When
the reciprocating probe is in the SOL atr;8 cm, and even
though they are poloidally separated by an angle of 90 d
an amplitude of about 0.8 is recorded. Figure 6 clearly in
cates the correlation between fluctuations in the main pla
and the SOL.

However, one might argue that this correlation may
caused by the background turbulence and not by avalo
Downloaded 26 Apr 2004 to 132.239.202.90. Redistribution subject to AIP
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So, because we are interested in what happens to avaloi
particular, we performed cross-conditional averagi
(CARF) between the signals on the two probes. Maxim
above 3s are selected on one probe~reciprocating probe! and
the averaging overNb of theNb3201 matrix is made on the
fixed probe. The number of points around each maximum
201. The result is shown in Fig. 7~a! for r F58 cm.

Figure 7 shows that forr R.10 cm, the wall position, the
signal is essentially white noise and no correlation ex
between the signals recorded on the two probes. As the
ciprocating probe moves in the SOL, the amplitude of CARF

increases, indicating the correlation between bursts on
two probes. The shape of CARF is similar to the result of the
auto-conditional averaging shown in Fig. 8~a!, indicating that
-
d.
-

l

d

-
o
.

FIG. 6. ~a! and~b! Top and side views
of a 3-D plot showing the maximum
subtracted from the minimum of the
cross-correlation coefficientCRF . The
two I sat signals recorded on the hori
zontal and vertical probes were use
The plots are function of the recipro
cating probe positionr R , and time on
the fixed probe. The thick vertica
solid line in the two subplots indicates
the position of the fixed probe where
r F.2 cm. The number of points use
in each segment is 50 000. In~a!, the
diagonal black line indicates that cor
relation is detected only when the tw
probes are sampled at the same time
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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the amplitude of an average burst increases sharply and
cays slowly. Moreover, only positive fluctuations are r
corded. The amplitude of CARF decreases toward 0 as th
probe approaches the plasma. When the probe reaches i
the plasma, CARF increases to60.2. This is another clea
indication that the high-amplitude fluctuations in the SOL a
correlated to inside the main plasma column, and is in ag
ment with the cross-correlation behavior of Fig. 6. Most i
portantly, the temporal behavior of CARF indicates that an
avaloid in the SOL is correlated to awave-packetoccurring
inside the main plasma column. The shift in time of CARF is
hard to interpret because it includes the phase of the w
the time when an avaloid is emitted, and the poloidal a
radial velocities.

The region where the high cross-correlation between
SOL and inside the plasma is observed depends on the

FIG. 7. ~a! The cross-conditional average CARF as a function of time andr R

for r F58 cm. The twoI satsignals on the horizontal and vertical probes us
to compute CARF and thus to produce the graph were normalized to th
standard deviations.~b! CARF for r F58 cm andr R57 ~solid!, 2 ~dashed!,
and 11~dash–dotted!.
Downloaded 26 Apr 2004 to 132.239.202.90. Redistribution subject to AIP
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loid’s propagation in the poloidal plane, and thus on th
radial and poloidal velocities, as well as on the two pro
locations. Accordingly, the high amplitude of cros
correlation depicted in Fig. 7 reflects the fact the avalo
that are emitted atu50 and r .2.5 reachu5p/2 at r
.8 cm. Using the same reasoning, one is led to deduce
the region atr;5 cm should be correlated to a region th
has a poloidal angle different from 0. This explains the lo
level of cross-correlation observed in Fig. 7 forr R;5.

D. Other supporting evidence

Avaloids typical shape is shown in Fig. 8~a!, where the
amplitude increases sharply and decreases slowly~see also
Ref. 6 for other tokamaks!. A similar shape is observed fo
edge localized modes or events generated by sawteeth r
ation inside tokamak plasmas~see, e.g., Refs. 17, 18!. This
similarity supports the main result of this article that avalo
are caused by some nonlinear instability saturation. Furt
more, in neutral fluids intermittency is associated with coh
ent vorticity structures occurring rarely in a nondeterminis
fashion.19 Coherent structures led to vortices with symmet
shape and, because of the conservation of mass, h
intensity spikes are usually accompanied with negative d
sity fluctuations. Both of these properties are not met
avaloids as Fig. 8~a! shows, indicating that they are not co
herent structures as described in fluid turbulence.13

More support to the main results of this article com
from Fig. 8~b!, where no dependence is recorded between
amplitude of the bursts and the waiting timeDT. This be-
havior was also observed in the Tore Supra, Alcator C-MO
and MAST tokamaks and is a clear indication that the p
cess isnot driven by self-organized criticality20 or any type
of process that links the amplitude to the time betwe
events. The analysis above, showing that avaloids are ge
ated periodically, is in agreement with the results of F
8~b!, where the periodic nature of the process does not fo
a correlation between the amplitude of the bursts and
waiting time.

IV. CONCLUSION AND DISCUSSION

In this article, the use of several data analyses allowed
to unveil the origin of convective transport by avaloids. Th
are emitted into the scrape-off layerperiodically due to a
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FIG. 8. ~a! The auto-conditional average ofI sat, CARR ,
for r between 7 and 9 cm from the plasma center. T
signal is normalized to its standard deviation, so an a
plitude equal to 6 means that the spikes on the aver
are 6 times the standard deviation of the overall sign
It is clear that the auto-conditional average shape
reproducible and the error is small.~b! The density
fluctuation amplitude plotted against the waitin
time ~1! for maxima above 3s in the SOL of
PISCES.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp



o
r

in

y
f

lity
th
e

d.
ho
sit
n

ci

in
n

de
ea
ed

in
th

nd
ou
st
n

v
th
n

m
en
u

a
g
a
re

a-
his
ross-

ard.

l
ES
ra,

tted
of

.

of

YA

tz,

las-

J.

W.

s

ma

3634 Phys. Plasmas, Vol. 10, No. 9, September 2003 G. Y. Antar
nonlinear saturation of instability inside the main plasma c
umn. This conclusion explains the experimental results p
sented here, namely, the following.

~1! The periodic process of generation of avaloids expla
why the probability distribution function ofDT pos-
sesses a typical frequency. The average frequenc
about 5 kHz and seems independent of the magnetic
sion device as reported in Ref. 6.

~2! Because avaloids in the far SOL reflect the instabi
inside the main plasma explains the reason behind
similarity of PDF(DT) determined inside and outside th
main plasma column once the threshold is decrease

~3! The dependence of the number of bursts on the thres
inside the plasma clearly indicates that the high-inten
amplitudes are bounded. It is worth mentioning that u
like intermittent or Gaussian fluctuations, coherent os
lations lead to bounded signals.

~4! Avaloids in the SOL being correlated to oscillations
the core explains why the estimated contribution of co
vective transport is the same when using~1! the power
spectrum inside the plasma and~2! the radial flux in the
SOL.5 It is about half of the total radial transport.

~5! The shape of the bursts with a sharp front and slow
cay supports the saturation mechanism as the latter l
to similar perturbations observed in edge-localiz
modes~ELMs! and sawteeth.

~6! The fact that avaloids are emitted periodically expla
why no relation exists between the amplitude and
waiting time.

Most importantly, the correlation between inside a
outside the main plasma column demonstrates beyond d
that, even though they are far apart, the two regions are
correlated by nonlocal transport events. The time depende
of this cross-correlation clearly indicates that aburst in the
SOL is correlated to a wave packet in the plasma.

Several reasons can lead to aperiodic detection e
though avaloids are periodically generated, giving rise to
intermittent aspect of the fluctuation signals. One reaso
the nonlinear character of the saturation phenomena and
existence of strong turbulent fluctuations inside the plas
Another reason is their propagation in ambient turbul
plasma leading to different trajectories in the SOL and th
to aperiodic detection at a given point in space.

Applying the same type of analyses to tokamak plasm
is very difficult for two major factors. First is the stron
perturbation of the signals recorded by probes as they
proach the plasma edge. The second major difficulty is
Downloaded 26 Apr 2004 to 132.239.202.90. Redistribution subject to AIP
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lated to the complex topology of the magnetic field in tok
maks that leads to poloidal and toroidal asymmetries. T
fact makes the second analyses exposed here above by c
correlating the SOL and the plasma edge extremely h
However, in our previous publication6 we used different
types of data analyses~up to 8!, to show that the statistica
properties of the scrape-off layer fluctuations in the PISC
linear device and in toroidal devices such as Tore Sup
Alcator C-MOD, and MAST areidentical.6 Therefore, we
strongly believe that the conclusion that avaloids are emi
periodically from the main plasma column as a result
instability saturation applies to toroidal devices.
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