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Recently, it was shown that intermittency observed in magnetic fusion devices is caused by
large-scales events with high radial velocity reaching about 1/10th of the sound speedscalled
avaloids or blobsd fG. Antar et al., Phys. Rev. Lett.87 065001s2001dg. In the present paper, the
poloidal distribution of turbulence is investigated on the Mega-Ampère Spherical TokamakfA.
Sykeset al., Phys. Plasmas8 2101s2001dg. To achieve our goal, target probes that span the divertor
strike points are used and one reciprocating probe at the midplane. Moreover, a fast imaging camera
that can reach 10ms exposure time looks tangentially at the plasma allowing us to view a poloidal
cut of the plasma. The two diagnostics allow us to have a rather accurate description of the particle
transport in the poloidal plane forL-mode discharges. Turbulence properties at the low-field
midplane scrape-off layer are discussed and compared to other poloidal positions. On the low-field
target divertor plates, avaloids bursty signature is not detected but still intermittency is observed far
from the strike point. This is a consequence of the field line expansion which transforms a structure
localized in the poloidal plane into a structure which expands over several tens of centimeters at the
divertor target plates. Around theX point and in the high-field side, however, different phenomena
enter into play suppressing the onset of convective transport generation. No signs of intermittency
are observed in these regions. Accordingly, like “normal” turbulence, the onset of convective
transport is affected by the local magnetic curvature and shear. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1861894g

I. INTRODUCTION

Since Langmuir probes were installed on magnetic fu-
sion devices, transport in the scrape-off layersSOLd was
observed to be intermittent.1,2 To characterize this process
different statistical tools were used. The probability distribu-
tion function showed clearly the deviation of the fluctuations
from a Gaussian distribution.3,4 The frequency spectrum was
often used to describe the power distribution across the dif-
ferent length scales.5,6 Other more sophisticated tools such as
wavelet transforms,7,8 conditional analyses,9 and the Hurst
parameter10,11 were also used to characterize intermittency.

Recently, in a series of publications,12–15 more progress
is made in understanding the nature and the origin of inter-
mittency in the scrape-off layer. This paper comes thus in
continuation of this effort to have a rather comprehensive
picture of the SOL properties.

In Ref. 12, we argued using different statistical methods
that intermittency in the SOL of magnetic confinement de-
vices is actually different from intermittency encountered in
fully developed turbulence of neutral fluid systems.16 In neu-
tral fluid, turbulence intermittency is caused by rare events
that are locally organized driven by coherent vorticity.17,18 It

was shown by different groups that intermittency in turbulent
flows occur at small scales that are close to the so-called
Kolmogorov scale where kinematic dissipation starts to play
an important role. In Ref. 12, we showed that in the SOL of
fusion plasmas, intermittency comes from large-scale struc-
tures. By large scales, we mean scales close to or even bigger
than the macroscopic scale of turbulence. Hence, although
there may exist some similarities between intermittency in
fluids and plasmas,4 the origin and effects are very much
different in the two media.

In Ref. 13, we continued our investigation with two
main goals. First is the determination of the bursts radial
velocity, which turns out to be large reaching a fraction of
the sound speed. The second goal was to assess the relative
importance of these intermittent convective bursts and turns
out to be important accounting for approximately half of the
total particle radial transport. These results, performed on the
PISCES linear device and the Tore Supra tokamak, were
confirmed later on other devices such as the DIII-D
tokamak.19 The new term, avaloids, was defined to denote
large-scale plasma structures with high radial velocity en-
countered intermittently in the SOI. From this definition it is
rather clear that avaloids are different from coherent struc-
tures. Avaloids do not require coherent vorticity whereas the
coherent structures do. Moreover, coherent structures may
not have large radial velocities whereas it is required for
avaloids. The term blob is also used in the literature. How-
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ever, because it does not have a clear definition, it induces
confusion as it might denote coherent structures of turbu-
lence in the SOL or avaloidssoriginally, however, the terms
blobs20 and avaloids13 denoted the same intermittent struc-
tures found in the SOLd.

In Ref. 14, we performed a comprehensive analysis us-
ing up to nine different statistical analyses, and four different
magnetic confinement devices employing four different
probe designs. All the data analyses yielded identical prop-
erties of the turbulent fluctuations in the SOL. It was logi-
cally deduced that avaloids are universal in the sense that
they have more or less the same properties in magnetic fu-
sion devices.

After showing the universality of avaloids, we turned to
investigate their origin on the PISCES linear plasma
device.15 We took advantage of the simple linear geometry
and accessibility to Langmuir probes. We used multiple ar-
guments to emphasize that avaloids, even though they are
encountered intermittently, they are, however, emitted peri-
odically or semiperiodically. We showed that avaloids in the
far SOL are correlated to coherent oscillations inside the
main plasma column in the PISCES linear device. We con-
cluded that avaloids result from a nonlinear saturation of an
instability that is taking place at the plasma edge.

Because avaloids are observed to have a higher density
and temperature than the background in the far SOL, it is
crucial to establish where do they occur in a toroidal device
and thus how they affect the particle and the power distribu-
tion in the SOL. This issue is particularly important for fu-
ture devices such as the International Thermonuclear Experi-
mental ReactorsITERd. Even though future large fusion
devices will most probably operate in high confinement
mode regimesH moded, they will still need to go through a
low confinement modesL moded stage. Therefore, it might
be possible that the lifetime of the first wall would be dic-
tated by theL-mode phase rather than theH-mode phase
including edge localized modessELMsd. Both avaloids and
ELMs transport hot and dense matter into the far SOL, but
one of the main differences between them is their frequency.
Avaloids are reported to have a repetition rate of about 5 kHz
that is more or less independent of several macroscopic
plasma parameters.14,15ELMs, on the other hand, have a fre-
quency in the range of few hertz.21 Therefore, avaloids occur
1000 times more frequent than ELMs hence their impor-
tance.

Poloidal asymmetry in tokamaks was investigated in the
past.22,23 It was shown that along the field lines turbulence
intensity and its statistical properties are different depending
on the poloidal angle. Mainly, the high-field vs low-field
asymmetry is well established where the role of the curvature
as a stabilizing/destabilizing effect were shown to be at the
origin. The goal of this paper is to investigate the poloidal
distribution of avaloids. This is performed on the Mega-
Ampère Spherical TokamaksMASTd using two main diag-
nostics. Langmuir probes that are distributed at different po-
loidal and radial locations in the tokamak are used. The
second diagnostic is a fast imaging camera with an exposure
time that can be set to as low as 10ms. The images are
dominated by theDa light allowing us to have a rather good

description of the poloidal distribution of avaloids without
the need of specific gas puffing.

In the following section we detail the different diagnos-
tics used and their properties. In Sec. III, the results obtained
by Langmuir probes are discussed. Avaloids are shown to be
poloidally asymmetric as they are observed to exist only at
the low-field side. In Sec. IV, we use the fast imaging cam-
era, which also gives us a good picture of what is happening
on the low-field side. The poloidal asymmetry is shown not
to depend on the magnetic configuration single or double
null.

II. THE EXPERIMENTAL SETUP

The results presented in this paper were obtained on the
MAST.24 One of the main characteristics of MAST is the
small aspect ratioR/a that is about 1.4, the major and minor
radii of the plasma studied being, respectively,R=0.73 m
and a=0.52 m. Top and bottom divertors in MAST allow
different magnetic configurations. The results obtained here
were taken in lower double nullsLDNd divertor as well as
the connected double null divertorsCDNd configurations.
The LDN configuration describes a magnetic connection
similar to a single null but with the upperX point not com-
pletely gone. The CDN configuration occurs where twoX
points on the top and bottom clearly exist. The gas used in
our study is deuterium, and the main plasma parameters of
these OhmicL-mode discharges are the toroidal magnetic
field 0.6 T, the plasma density 431019 m−3 and the plasma
current 0.7 MA. In Fig. 1, the plasma current and the line-
integrated density are plotted for five plasma discharges used
in this paper.

Figure 2 shows an EFIT equilibrium reconstruction.25

The center stack and the divertor plates are illustrated with
thick solid vertical and horizontal lines. We also schematized
the main diagnostics used to investigate the turbulent fluc-
tuations poloidal distribution. Note the rather large field line
expansion between theX point and the target plates. There-
fore, a localized structure in the SOL at the midplane ex-
pands with approximately a factor of 5 increase at the target
plates.

At the midplane of the low-field side, a reciprocating
probe sRPd is used containing three sets of tips. A detailed
plot of the probe design is included in Fig. 2. The diameter of
each tip is 0.15 cm and the poloidal distance between two

FIG. 1. The plasma current, the line-integrated density, and the probe posi-
tion with respect to the LCFS for five plasma discharges that enable us to
perform a detailed radial scan at the midplane while at the target this takes
place naturally due to the strike motion during the discharge.
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floating probes is 0.5 cm. In the radial direction the distance
between the two sets of probes is 0.5 cm. For the purpose of
this paper, however, one probe tip is used and is indicated by
an arrow. The reciprocating probe positionr with respect to
the last closed flux surfacesLCFSd was plotted in Fig. 1 for
the four plasma discharges. The plasma motion causes the

variation of the probe position with respect to the LCFS
while the RP is kept fixed. As one can notice,r can take
values as high as 30 cm. Plasma can be detected up to that
distance because MAST does not have a first wall close to
the plasma.

MAST has 576 flush-mounted target probessTPd posi-
tioned around the four strike point regions at the same toroi-
dal angle. Here, we make use of only 12 tips that are biased
to ion saturation current. They are chosen to be around the
lower outer and the lower inner strike points. As it is the case
for the reciprocating probe tip, the acquisition frequency is
set to 1 MHz with a total number of points recorded for each
tip equal to 180 000. The same trigger is used to start the
acquisition on the reciprocating probe and the divertor target
probes. The details of the different flush-mounted tips in the
divertor targets are schematized in Fig. 2. The tips that are in
the high-field side near the lower-inner or upper-inner strike
points have a rectangular shape. The tips on the low field
side near the lower-outer or upper-outer strike points are cir-
cular in shape. Hereafter, the ion saturation current density is
used for data display. It is calculated by dividing the ion
saturation current by the probes surface area. The current
density, or the parallel particle flux,ncs is referred to as the
particle flux, wherecs is the speed of sound. By the radial
particle flux, we designatenvr wherevr is the radial velocity.

The large rectangle in dashed line in Fig. 2 shows the
area imaged by the fast camera. Looking tangentially at the
plasmaDa light, it allows us to perform investigation of the
poloidal fluctuations in a rather continuous fashion from the
midplane to regions close to theX point. The fast imaging
camera is a Phantom V4 type with 8 bits resolution. It is set
to take images with 10ms exposure time at a rate equal to
2115 frames/s.

III. THE POLOIDAL PROPERTIES OF TURBULENCE
USING ELECTRICAL PROBES

In this section, we use the probes around the MAST
spherical tokamak to assess the poloidal properties of turbu-
lence. It will be shown that the properties of turbulence are
different at different poloidal locations, and avaloids bursty
signature is not clear at the target plates. In this section, we
first show the raw ion saturation current density signals ob-
tained at the midplane and at the divertor target plates. Then,
we use statistical analyses to present a quantitative picture of
the properties of turbulence as a function of the radial posi-
tion for the different poloidal locations.

A. Turbulence at the midplane

In order to investigate the radial dependence of turbu-
lence at the midplane the reciprocating probe is used. Five
discharges with the same plasma parameters but with differ-
ent positions of the RP are performed. This was illustrated in
Fig. 1 where the plasma current and line-averaged density
was shown along with the RP position to the LCFS. We
recall that the discharges are Ohmically heatedL-mode plas-
mas.

In order to show the radial profile, we included the ion
saturation current density obtained during the four plasma

FIG. 2. A schematic of a poloidal plane cut of the MAST spherical tokamak
where thex andy axes are in meters. The contour plots result from running
the EFIT program. The solid contour lines indicate the last closed flux
surface and the “p” sign shows the strike point position on the four divertor
target regions. P3a and P3b are two magnetic coils. The dashed rectangle
indicates the area imaged by the Phantom V4 fast camera. The schematic of
the reciprocating probe is drawn where the tips are identical. They are cyl-
inders with 0.15 cm in diameter and 0.31 cm in length. The target probes are
divided into two groups: the high-field probes enumerated from 1 to 6 and
the low-field probes enumerated from 7 to 12. The low-field side probes are
inserted in the center stack, with 0.6 cm distance between them; their shape
is rectangular. Two series of flush probes on the low-field side are installed
on the top and bottom of the chamber. They are circular with 0.4 cm in
diameter.
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discharges. This is shown in Fig. 3 where also are plotted the
average values ofjsat. Near the last closed flux surface, the
fluctuations are around the average values in a rather sym-
metric fashion. In other words, negative and positive fluctua-
tions around the mean value have approximately the same
probability to occur. As the probe gets farther from the
LCFS, the fluctuations become more and more asymmetric
with respect to the average value. High intensity bursts, say
at r ,10 cm, intermittently have current densities that are of
the order of the average current density recorded at plasma
edge. Althoughjsat decreases in intensity asr increases, the
subplotsbd of Fig. 3 clearly shows that plasma is still present
in an intermittent fashion even at 30 cm away from the
LCFS. These facts are in excellent agreement with the radial
profile of jsat performed on the PISCES linear device and
published in Refs. 13 and 14. Avaloids are thus clearly
present at the midplane of MAST. Their velocity was deter-
mined in Ref. 14 to be about 105 cm/s and their radial scale
about 5 cm. They lead to plasma that exists far from the
LCFS in an intermittent fashion in addition to the plasma
caused by diffusive turbulence where the radial velocity is
rather small.

B. Turbulence at the target plates

The plasma near the strike points in MAST was investi-
gated in Refs. 26 and 27. The target probes applied voltage
was swept rapidly and the density and temperature profiles at
the divertor target regions were obtained in a LDN magnetic
configuration. The electron density and temperature at the
strike point were found to vary between 0.5 and 6
31018 m−3, and 10–20 eV, respectively. The decay on either
side of the strike point was found to be exponential.

During the plasma discharge in MAST, the low-field
strike points move outward away from the center stack. At
the same time, the high-field strike points move towards the
center. This result comes from the fact that the MAST sole-
noid is shorter than the vessel and close to the plasma due to
the spherical tokamak geometry. In consequence, there is a
large fringing field from the end of the solenoid. As the so-
lenoid current ramps down during the shot, this fringing field
changes and influences the divertor region field. As the strike
point sweeps the divertor target plates, each probe records
the variation around the strike point region. The motion of
the strike point is depicted in Fig. 4. The ion saturation cur-
rent density, recorded at a frequency of 1 MHz is shown on
six divertor target tips, three on the low and three on the
high-field sidesfor the tip numbers see Fig. 2d. The strike
point motion from one probe tip to the other is clear in the
way the shape of the strike point region is shifted in time.
This enables us to convert time to spatial dependence be-
cause the strike point velocity is slow compared to the tur-
bulent fluctuations time scales. Taking into account the dis-
tances between probess20 and 6 mm for the low- and high-
field sides, respectivelyd, one can deduce that the velocities
of the outer-lower and inner-lower strike points are<2.7 and
0.7 m/s. The strike point sweep enables us to determine the
properties of turbulence around the strike point using only
one tip; the other tips are used hereafter to accumulate data
for statistical analyses.

FIG. 3. The ion saturation current density as a function of the distance to the
LCFS srd. Four identical plasma discharges were necessary to produce this
graph. Note that forr ,0, the fluctuations are about the average value. Asr
increases, this is no longer true, and intermittent bursts appear to make high
intensity bursts more probable. Avaloids are still present even at distances as
far as 30 cm away from the LCFS. This is shown in the subplotsbd where
we illustrate the time dependence ofjsat for r varying between 27 and
30 cm. The wiggles in the average value insad are caused by a stagnation of
r about some position to the LCFS. FIG. 4. The subplotssa1d–sa3d illustrate the ion saturation current density,

acquired at 1 MHz, taken at the high-field divertor target probes. The strike
point occurs first on tip 6, then 4, and then 1. On the low-field side, the
strike point passes on tip 8, then 10, and then 12. Following the strike point
position in time and knowing the distance among the probes, we deduce that
the strike point velocity is about 2.7 m/s at the low-field side and about
0.7 m/s at the high-field side.
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Once the time-to-space conversion is made, Fig. 5 shows
the radial profile of the ion saturation current at the target
plates. In Fig. 5,r denotes the distance to the strike point
chosen to be the origin. The strike point is estimated as cor-
responding to the maximum of the low frequency component
of jsat. The data are from shot number 6859 with a single
lower null configuration. The four regions investigated are
the low-field SOL, the low-field private flux, the high-field
SOL, and the high-field private flux. Moreover, and in order
to show the reproducibility of the results, we plotted for each
region thejsat taken on three different probe tips. In Fig. 5,
we superposed on the rawjsat curves their average values. In
contrast to what was shown at the midplane, the fluctuations
are most of the time about the average values with approxi-
mately equal probability to have positive and negative val-
ues. Consequently, it is rather straightforward to show that an
exponential dependence onr of the four regions is a good
approximation of the various radial profiles which is in
agreement with the figures given in Ref. 26.

C. Comparing the target probes signals

Now that we have shown the raw signals at the different
poloidal locations and as a function of the distance to the
strike point, we aim at giving a more quantitative compari-
son by using statistical methods. For each signal, we subdi-

vide the time series into blocks of 10 000 points overlapping
by 3000 points. The stationary condition breaks down only
when the standard deviation change occurs at time scales
shorter than 10 ms. When this happens the corresponding
statistical values will be disregarded.

The average values of the ion saturation current density
are shown in Figs. 6sa1d and 6sb1d. The different regions that
are probed are inserted on the top ofsa1d and sb1d. Accord-
ingly, the negative values ofr denote here the low-field pri-
vate and the high-field SOL for both LDN and CDN dis-
charges. InL-mode plasmas, it appears that operating in
CDN with respect to LDN does not have any affect on the
overallsparalleld particle fluxncs on the high-field side of the
tokamak as subplotsb1d indicates. However, on the low-field
side, the particle flux at the strike point is divided approxi-
mately in half reflecting a smaller particle load. It has been
shown that the other half is collected at the upper divertor
region.28

In Figs. 6sa2d and 6sb2d is plotted the standard deviation
s of jsat fluctuations where the average value is set equal to
0. The level of fluctuations on the low-field side is higher in
the LDN than in the CDN configuration. This could explain
the average value increase insa1d as in this region the main
source of particles is radial transport. On the high-field side,
little changes are recorded between the two magnetic con-
figurations.

FIG. 5. Details of the four regions, namely, high- and low-field SOL and
high- and low-field private regions, using three probe tips. Also shown is the
low-frequency component of the signals in order to emphasize the absence
of high intensity fluctuations with respect to the mean values for all
positions.

FIG. 6. sa1d–sa4d describe for the low-field target probes, respectively, the
average value ofjsat, the standard deviations, the skewnesssk j̃sat

3 l / k j̃sat
2 l3/2d,

and the flatness factorssk j̃sat
4 l / k j̃sat

2 l2d as a function of the distance to the
strike point; The tilde denotes the fluctuation part of the ion saturation cur-
rent densitiess j̃ = jsat−k jsatld. The single nullssd as well as the double null
s·d magnetic configurations are shown. The same quantities and symbols are
used insb1d–sb4d for the high-field divertor target probes.
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The skewness and the flatness factors are the two main
statistical tools that are used in this paper to assess the role of
avaloids. They are defined as the third- and fourth-order mo-
ments of thejsat fluctuations normalized by the standard de-
viation. As it was shown on different occasions,13,14avaloids
lead to both a positive skewness factor and a flatness factor
significantly greater than 3. The skewness factor of a Gauss-
ian signal is equal to 0 reflecting the same probability to have
positive or negative fluctuations around the average value.
Also in the Gaussian case, the flatness factor is equal to 3
quantifying the weight of the tails with respect to the core of
the distribution.

In subplots sa3d and sb3d of Fig. 6, the skewness is
shown as a function ofr the distance to the strike point. The
flatness factor is insa4d andsb4d. The deviation of the prob-
ability distribution function sPDFd from Gaussian on the
high-field side occurs only in the private region atr
.2.5 cm. In this region, the average value shown insb1d is
approximately zero and the standard deviation is low reach-
ing the noise level value. Moreover, the deviation is recorded
on the flatness factor alone, the skewness factor being still
around 0. Hence, this deviation reflects the non-Gaussian
character of the instrumentation noise and not the properties
of the flow.

On the low-field private region atr ,−10 cm, the devia-
tion is recorded on both the skewness and the flatness fac-
tors. However, the deviation of both quantities from Gauss-
ian values takes place where the average value ofjsat

decreases sharply. A closer look at the data indicates that this
is caused mainly by the nonstationarity of the signals.

The only region where a systematic deviation from a
Gaussian is recorded is in the low-field side of the SOLs0
, r ,20 cmd. This is consistent with the measurements at
the low-field midplane. The skewness and the flatness factors
deviate from 0 and 3, respectively, asr increases. The skew-
ness factor reaches<2, whereas the flatness factor is about 8
at r .15 cm. Because of the field lines expansion, this dis-
tance is equivalent to about 3 cm at the midplane. This de-
viation stops atr .20 cm where the average value goes to 0,
the standard deviation reaches the instrumental noise level
and the flatness and skewness factors are that of Gaussian
values. This sudden change in the statistical properties of
turbulence is caused by the presence of the P3a and P3b
magnetic coils; P3a and P3b were illustrated in Fig. 2. They
intercept the field lines making the parallel connection length
much smaller and thus intercepting most of the particle and
heat fluxes.

D. Comparing the low-field fluctuations
at the midplane and at the divertor target

In consequence of the results described above, a particu-
lar attention is paid to the comparison between turbulence at
the low-field midplane and the divertor target plates SOL.
This is illustrated in Fig. 7 where the average value, the
standard deviation, the skewness, and the flatness factors are
plotted againstr which denotes the distance to the LCFS for
the midplane probe and the distance to the strike point for the
target probes. As stated earlier, the distance of 30 cm away

from the strike point is connected to a position about 6 cm
from the LCFS at the midplane. The data at the midplane is
obtained from the four shots 6852, 6853, 6854, and 6856 in
the time period between 0.25 and 0.3 sssee Fig. 1d where the
density is assumed constant in addition to the other plasma
properties such as the plasma current. It is mainly the uncer-
tainty about the reciprocating probe position that leads to the
observed error bars in Fig. 7.

Near the LCFS, the parallel particle fluxncs is approxi-
mately four times higher at the midplane than at the target.
This large difference cannot be caused by avaloids alone as it
has been shown that about 50% of the transport is caused by
convective structures.13,14This brings the ratio of the parallel
particle fluxes at the midplane and the divertor target down
to 2. Other mechanisms have thus to be included, mainly the
effect of the magnetic shear on turbulence which is the main
source of particles outside the separatrix.

Figure 7sbd indicates that turbulence intensity at the mid-
plane is approximately five times bigger than at the target
plates. Since the main source of particles in the SOL is radial
transport from the plasma edge, the asymmetry of the aver-
age particle flux values is consistent with that of the turbu-
lent fluctuations intensity.

When the positions are renormalized to take into account
the field lines expansion at the target region, the flatness and

FIG. 7. Comparison of the fluctuations statistical properties recorded at the
midplane and the low-field divertor target using the reciprocating and the
target probes. The symbolss·d and ssd represent the CDN and LDN con-
figuration, respectively, for the target probes. The asteriskss pd represent the
midplane properties obtained from the five shotss6852, 6853, 6854, and
6856d. In sad–sdd are illustrated, respectively, the average value, the standard
deviation, the skewness factor, and the flatness factor as a function ofr
which denotes the distance to the LCFS for the RP and the distance to the
strike point for the target probes. Due to the field line expansion in the target
region, the distance of 30 cm away from the strike point is equivalent to
6 cm away from the last closed flux surface.
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skewness values are found similar from both the TPs and the
RP. However, a closer look at the data at the TP, that can be
seen in Fig. 5, indicates that the deviation from Gaussian
distribution is not caused by bursts. It appears as if positive
fluctuations have higher values than negative fluctuations.
This is consistent with the idea that avaloids at the midplane,
that are radially and poloidally localized, are spread radially
due to the field lines expansion. Therefore, their bursty sig-
nature is not clearly visible because their intensity is now
spread over a wide region, but they still lead to a deviation
from a Gaussian distribution. The connection between
plasma at the midplane and at the target is done via the field
lines.

In conclusion, the turbulent fluctuations in the private
flux regions and at the high-field side are reported to be
rather Gaussian reflecting the absence of avaloids. At the
low-field side, however, turbulence is non-Gaussian both at
the midplane and at the target plates with intermittency in-
creasing with the distance to the separatrix and the LCFS. At
the midplane intermittency is caused by bursts. At the target
plate, it is caused by an asymmetry in the fluctuations am-
plitude. The difference is caused by the field line expansion
mainly between theX point and the target plates which de-
creases the effect of the midplane bursts by spreading the
perturbation radially over large distances.

IV. PROPERTIES OF AVALOIDS BY IMAGING

To link the properties of turbulence on the low-field side
occurring between the midplane and the target, we use a fast
imaging camera. Two exposure times are used, 10 and
195 ms. The frame rate, being of the order of a few thousand
frames per second, is in both cases slow with respect to the
evolution of turbulent structures. Therefore, consecutive im-
ages are independent snap shots. The images are caused by
the Da light naturally coming from the plasma without the
use of localized gas puffing.

A. ELM-free Ohmic H-mode plasma reference picture

Before we start investigatingL-mode plasmas with dis-
charge properties similar to the ones discussed earlier using
the probes, we show Fig. 8 where the plasma is in an ELM-
free OhmicH-mode statesshot 6864d. The exposure time is
10 ms. The last closed flux surface can be clearly seen in
form of a quasicircular narrow region that separates the main
plasma from the SOL. Also visible is the upperX point
where plasma appears to have higher density judged from the
higher level of light emitted with respect to the LCFS light
intensity. Also can be seen in this figure is the center stack
and the region where gas is injected into the plasma for fu-
eling. The fueling causes the red spot in the bottom left of
the figure. Figure 8 serves as a reference to theL-mode pic-
tures that are going to be discussed hereafter.

B. Images with 10 ms exposure time

The pictures are deduced from a plasma discharge
s6864d where only Ohmic heating is present. The discharge
starts inL mode before the plasma switches into an Ohmic

H-mode regime. This shot is in double null configuration.
Figure 9 illustrates four sample pictures taken at arbitrary
times with a resolution of 2563256. Viewing an area ap-
proximately of about 1 m2 leads to a subcentimetric resolu-
tion. However, other factors lead to the decrease of the ef-
fective resolution such as poloidal and/or toroidal rotation
and spatial integration. A radial velocity of 1 km/ssRef. 14d
leads a smearing of about 1 cm. Accordingly, it is safe to say
that the resolution of the images is of the order of 1 cm.
Light results fromDa emission and the intensity scale is the
same for the four pictures. The region between closed and
open field lines is not a sharp boundary near the LCFS as in
Fig. 8, but consists of a wide region that extends on both
sides of the separatrix. In order to make this issue clearer, we

FIG. 8. Image displaying theDa light coming from an OhmicH-mode
plasmasshot 6863d using the Phantom V4 fast camera. In the image one can
see the center stack, theX point and the high-field side gas fueling region
rather clearly. Note the sharp region separating the plasma edge from the
scrape-off layer.xI andyI describe approximately the axis of the image and
the origin is chosen to be at the middle of the center stack.

FIG. 9. Four sample images from the Phantom V4 camera of anL-mode
plasmasshot 6863d taken at arbitrary times. ThexI andyI are approximate
spatial dimensions of the image. Note that the plasma edge is very different
to that in theH-mode case. TheDa light is strongly modulated both in the
poloidal and the radial directions. The four images have the same color
scale.
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plotted in Fig. 10 two radial profiles of theDa light. In H
mode the gradient near the LCFS is four times greater than in
L mode where the light intensity continuously decreases
starting from inside the separatrix to the open field line re-
gion. This rough estimate of the gradient changes agrees with
a more sophisticated method where the light intensity is un-
folded taking into account the emissivity profile.29

In Fig. 9, ripples near the separatrix caused by patches of
a high level of fluctuations can be seen. Because, these fluc-
tuations have large scales, we believe that they are images of
avaloids. Two reasons are behind the fact that it is hard to see
them detach from the main plasma. The first is the tempera-
ture decrease as they propagate radially outward leading to a
strong decrease of theirDa light emission. The second reason
is their toroidal extension along the field lines and the cam-
era tangential view. Hence, avaloids will still appear to be
attached even when they are not.

In order to emphasize the fluctuations independently of
the background we applied a two-dimensional high-pass “Di-
rect Form II Transposed” filter to remove the large-scale
components of the image above<10 cm. The result is
shown in Fig. 11. The objects present inside the vacuum

vessel reflecting the plasma light with scales about the mac-
roscales of turbulence and thus smaller than the bandpass of
the filters give rise to the features that are present in all of the
figures. Poloidally and radially localized structures are thus
more clearly visible in the four pictures around the separa-
trix. They exist mainly in the vicinity of the separatrix. Their
typical scale is<5–10 cm. Moreover, the fluctuations seem
to be modulated with a given poloidal wave number as the
top right-hand plot of Fig. 11 indicates. This suggests the
existence of an instability with a high poloidal wave number.
Similar results were obtained in linear devices15 where a
saturation of an edge instability was shown to be the origin
of the bursts. From the four pictures, one can notice a poloi-
dal asymmetry in the distribution of the fluctuations. Close to
the divertor region, and near theX point, fluctuations appear
to have a lesser amplitude even though more light is re-
corded in this region.

C. Images with 195 ms exposure time

In order to increase the signal-to-noise level, we use an-
other set of pictures with a longer exposure time equal to
195 ms. A sample of two pictures is shown in Fig. 12 where
the same type of structures and ripples around the separatrix
as in Fig. 9 exists. However, one might wonder that with this
large integration time and the supposed large radial and po-
loidal velocity of avaloids, one would expect a strong signa-
ture of smearing. The reason why structures are still rather
clearly visible is because the smearing length scale is deter-
mined not only by the camera shutter time but also theDa

emission lifetimeswith intensity greater than the camera
noise leveld. The other fact that comes into play is the time
between bursts which is about 200ms.14 As avaloids radially
propagate into the SOL at a speed about 105 cm/s,14 the
temperature and density drop due to parallel connection to
the divertor plates. If one assumes that the temperature de-
crease occurs within the SOL decay length that is about few
centimeters in MAST, then one can estimate the lifetime of
theDa emission to be roughly of the order of 50ms. Conse-
quently, increasing the shutter opening time above this value
would not modify significantly the images. However, once
the integration time is greater than 200ms, then several ava-
loids are included in one picture and more smearing takes
place.

In order to obtain the fluctuations, we subtract not only
the low wave-number component of each picture but also the

FIG. 10. A radial cut through the pictures taken forL- andH-mode plasmas.
Note the steep gradient of theH-mode tracesin thick solid lined and the
shallower one inL modessolid lined. The approximate position of the LCFS
is indicated with a vertical dash-dotted line.

FIG. 11. The four images of Fig. 9sshot 6863d are replotted after filtering
out the large-scale component. Avaloids appear as high intensitysin redd and
large-scale structures that extend from the open to the closed field line
regions. The four images have the same color scale. The features that are
common to the four images, for example, a horizontal line in the middle,
result from fixed objects in the tokamak that were not removed by the filters.
This is caused by the fact that these structures have spatial scales that are of
the order or smaller than the fluctuations scales.

FIG. 12. Two sample images from the Phantom V4 camera of a plasma inL
modesshot 4918d with 195 ms exposure time. ThexI andyI are approximate
spatial dimensions of the image.
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background as it contains fine structures that interfere with
the turbulent structures. The background is obtained by av-
eraging over 50 consecutive images. This number is limited
by the stationary conditions of the discharge, mainly that of
the average density which increases in time. The result is
illustrated in Fig. 13, where the striations of the background
almost disappeared. In Fig. 13 elongated structures that
stretch between the closed and open field lines are clearly
seen. Moreover, and in agreement with the 10ms exposure
time images, the structures are large scales5–10 cmd and are
localized in both the radial and poloidal directions. Another
point of agreement with the 10ms pictures is that fluctua-
tions around the separatrix seem to possess some periodicity
in the poloidal direction.

D. Fluctuations properties around the low-field
separatrix

In order to investigate the properties of fluctuations
around the separatrix in a more comprehensive way, a curve
is selected about which the dependence of the fluctuations as
a function of time is recorded. The curve is illustrated by a
thick black solid line in Fig. 14. The idea here is to show that
the two pictures of Fig. 13 are not some special cases but
represent the usual behavior of fluctuations around the sepa-
ratrix. The dependence on time depicted in Fig. 14 shows
that the bursty behavior of theDa fluctuations takes the form
of “hills” localized in the poloidal plane. This figure shows
that avaloids are present at all poloidal angles on the low-
field side with different amplitudes. When the selection curve
reaches the area around theX point the level of fluctuations
is observed to decrease.

We now aim at determining the poloidal correlation of
the fluctuations that occur on the curve represented in Fig.
14. One difficulty that is encountered in deducing statistical
values is that the images are not correlated and the length of
the curve where the fluctuations are selected is rather small
in which only a few events can take place. To overcome
these difficulties, we choose a reference pointscalled point 1d
on the analyzed curvesthe one parallel to the separatrixd and
record its light intensity as well as the light intensity at an-
other pointscalled point 2d. This is done for all the frames in
time. Then, the two intensities are plotted one with respect to
the other and the slope of the curve is calculated. If the slope
is about 0, this means that there is no correlation between the

light intensities at the two points. If it is about 1, it reflects
that whenever high or low intensity occurs at the reference
point it also occurs at point 2. In Fig. 15sad, we plot the
dependence of the light intensity fluctuations of a reference
point with respect to theDa fluctuations at two points with
different poloidal angles; the stars denote the case where the
second point is close to the reference, and the circles when
they are far apart. The linear fit of both graphs is shown in
dashed and dash-dotted lines, respectively. The slope of the
lines is denoted byj and plotted in Fig. 15sbd as a function
of the poloidal angleu for two reference points. The result
indicates that the correlation is local in the poloidal direction
and gives statistical confirmation to the behavior shown in
Fig. 14. The length-scale associated with the poloidal corre-

FIG. 13. The two images of the previous figuresshot 4918d are replotted
after subtraction of the background and the large-scale component. The ex-
posure time is 195ms. Avaloids appear clearly as high intensity and large-
scale structures that extend from the open to the closed field line regions.
The two images have the same color scale.

FIG. 14. The top figure shows the plasma image and a curve selected
slightly outside the LCFS represented in thick black solid line. The bottom
figure shows the plot of theDa fluctuationssDa8d of the light occurring on
that curve as a function of the poloidal angle and time. The time unit is
1/3731 s. Note that fluctuations appear in bursts with some poloidal scale.
Note also that the level of fluctuation decrease as the investigated region is
close to theX point. The decrease of the level of fluctuations atu,0 is
caused by the existence of an antenna which is blocking the light coming
from the SOL.

FIG. 15. sad Shows theDa fluctuations at a point in the SOL near the LCFS
as a function of another point at the same radius but a different poloidal
angle. The asterisks denote the case where the two points are spatially close
and the circles the case where they are far apart. The slope of the best fitj
is represented byj. In sbd j is shown as a function of the poloidal angleu
for two reference points at poloidal positions about 0.4 and 0.65 rad. The
poloidal correlation scale is about 5 cm.
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lation is about 5 cm. It is of the same order as the radial scale
length found on MAST using electric Langmuir probes.15

In conclusion, we used in this section a fast camera tak-
ing images at 10ms time scale in order to investigate the
poloidal distribution ofDa fluctuations. We showed images
of structures that are several centimeters in diameter that can
be the avaloids investigated in the previous section using
Langmuir probes. These results were corroborated by images
with longer integration time where the signal-to-noise ratio is
higher. The LCFS is found wavy with large structures that
can extend from the closed to the open field lines. Avaloids
are found on the low-field side with asymmetric poloidal
distribution in agreement with the results obtained using
electrical probes.

V. DISCUSSION

Using Langmuir probe mounted around the vacuum
chamber in MAST and a fast imaging camera, we showed
that while bursts, the signature of avaloids, are clear at the
midplane, they are nearly absent at the different target plates.
We recall that avaloids are defined as large-scale structures
with high radial velocity encountered intermittently in the
scrape-off layer.13

Fluctuations at the target plates and at the midplane were
acquired at an acquisition frequency equal to 1 MHz. The
motion of the strike point at a constant velocity enabled us to
convert time into position with respect to the strike point. At
the midplane, plasma is shown to exist as far as 30 cm away
from the LCFS in an intermittent fashion. Moreover, the
properties of turbulence at the midplane are highly non-
Gaussian as the skewness and flatness factors reach, respec-
tively, 3 and 20 atr .7 cm. As it is now understood, the
non-Gaussian character and the fact that plasma is found far
from the region where it is being produced are intimately
linked to avaloids. The link between the midplane plasma
and that at the target is done by the field lines.

The difference in the signal statistical properties of tur-
bulence measured at the midplane and at the low-field di-
vertor target is mainly caused by the field lines expansion at
the target that is intrinsic to the divertor magnetic configura-
tion. In MAST, and as it was shown in Fig. 2 the target plates
are installed far from theX point leading to considerable
field line expansion in the radial direction. Consequently, a
5 cm structure of plasma at the midplane would expand to
cover the whole 30 cm at the target. The burst in the ion
saturation current at the midplane would lead to a rather
small increase of the overall level ofjsat at the target as the
power and particles are distributed over a larger area. In
addition to field line expansion and in order to explain the
difference in the particle flux recorded at the midplane and at
the target, we emphasize the role of magnetic shear as a
parameter that, locally around theX point, might suppress
turbulent fluctuations.

On the low-field side, having a detailed radial profile of
the fluctuations at the midplane and at 12 different target
probes, we performed the cross correlation between the two
signals. First, we divide the time series recorded on the RP
and TP into nonoverlapping sections of 10 ms duration.

Then, we recorded the cross-correlation amplitude, between
any of the sections on the RP and any of the section on a TP;
this leads to a matrix of 18318. This process is repeated for
all the 12 target probes and for the 5 shotss6852, 6853,
6854, 6856, and 6857d where the RP position is changed.
When this is done, in all, the cross-correlation amplitudes of
19 440 cases are studied. No cross correlation above the
noise level was observed between any of the time series sec-
tions. The reason for this is the three-dimensional character
of avaloids as they are filaments localized in the radial, po-
loidal, and toroidal directions.

On the low and high field sides of the private region, the
fact that intermittent bursts do not occur has a different ori-
gin. The private plasma is formed of only open field lines
and its connection to the plasma is through theX point. Ac-
cordingly, theX-point complex magnetic structure dominates
the presence of oscillations and/or turbulent fluctuations in
this region.30–32 Let us assume that to the lowest order one

haskW ·BW =0 this leads to a relation between the poloidal and
the toroidal wave numbers that readsku=nBf /RBu.

33 The
plasma major radius isR, n is the toroidal mode number,Bf

andBu are the toroidal and poloidal magnetic fields, respec-
tively, and ku is the poloidal wave number. Around theX
point Bu tends to 0 leading toku→` or to n→0. In other
words, turbulent fluctuations or coherent oscillations are usu-
ally damped by viscosity because of the small poloidal
scales. In the case where poloidally extended structures exist
near theX point, they should have very long toroidal con-
nection length. This makes drift wave as well as other types
of instabilities more stable. In addition, regions inside the
separatrix near theX point possess a high level of magnetic
shear that suppresses instabilities and turbulence.34–36Hence,
different effects make the private plasma region rather stable
with respect to many types of instabilities including the
Rayleigh–Taylor one which is thought to be behind avaloids
generation.

In the high-field side of the scrape-off layer, the fact that
intermittency is not recorded is reflective of the effect of
good curvature on the instabilities and turbulence. The mea-
surements presented here were made at the target and not at
the midplane. But as we saw with the low-field side measure-
ments, the two areas are connected by the field lines. How-
ever, the effect of field lines expansion at the high-field side
is much smaller then at the low-field side. Hence, one would
expect a higher correlation between the midplane and the
target at the high with respect to the low-field side of the
tokamak.

The overall picture that one ends up with on the basis of
the experimental results presented in this paper is in good
agreement with the numerical simulation using theBOUT

code simulating DIII-D discharges.31,32 Turbulent fluctua-
tions are observed to be poloidally asymmetric and actually
rather localized on the low-field side. As discussed above
different mechanisms enter into play to give rise to this
asymmetry.
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