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In this paper, the propagation of turbulent events along radial and poloidal probe arrays in the
scrape-off layer �SOL� of the tokamak CASTOR �M. Hron et al., Czech. J. Phys. 49, 181 �1999��
is observed using a novel correlation technique. The typical turbulent structures appear as dipoles on
the floating potential signals and as positive bursts on the density. It is found that both dipoles and
density bursts propagate over long radial distances in the SOL while propagating poloidally. A
comparison of the measured velocities of the potential and density fluctuations shows that the
density structures move radially faster than the potential ones. This allows us to understand how the
density is convected by the turbulence. The density moves radially along the potential valleys
created by the poloidal dipoles without modifying them. In the framework of an interchange
turbulence, this property indicates that charge exchange collisions with neutrals in the SOL of
CASTOR lead to a high viscosity that damps the zonal flows. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2359721�

I. INTRODUCTION

The turbulence in the scrape-off layer �SOL� of fusion
devices has been studied intensively over the past few years
with the goal of understanding how the transport of matter
and energy occurs in this region. The picture of the transport
that was supposed to be diffusive at the beginning of the
1980s has evolved toward a convective type of transport. In
particular, large and fast density bursts are believed to play a
key role in the transport process. They are observed to travel
in the SOL over long radial distances with typical radial
velocities equal to a fraction of the ion sound speed. Such
events are not dangerous in present-day machines, but they
may become a nuisance in large devices such as ITER �Fu-

sion Engineering and Design, 55 �2-3� 2001�, where they
may cause unacceptable heat load of the first wall and trans-
port of tritium to unwanted portions of the wall structures.

These bursts have been observed with Langmuir
probes1–4 and recently their radial propagation has been ob-
served with fast charge-coupled device �CCD� cameras over
a few mm.5,6 However, in the case of cameras, at the moment
there is a lack of statistics and it is not clear if the events
observed by the cameras are systematic or have a sufficient
repetition rate to really characterize the transport. Also the
limited dynamics of the existing cameras does not allow to
follow a burst penetration very deep in the SOL where the
light emission is scarce. In this paper, we use arrays of Lang-
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muir probes to study the radial propagation of selected tur-
bulent events over a distance of 3 cm. We define typical
events both for floating potential and density fluctuations and
follow their propagation along the probe array to gain some
insight about the cross field transport process and the state of
the turbulence. We compare the measured velocities of both
the density and potential to understand how the bursts propa-
gate in CASTOR, and this also gives information about the
state of the turbulence and the edge conditions for CASTOR.

II. EXPERIMENTAL SETUP

The CASTOR tokamak �R=0.4 m, a=0.085 m� is oper-
ated at Bt=1.3 T, Ip=12 kA, and at the mean average den-
sity ne=1�1019 m−3. The duration of the quasistationary
phase of the discharge is 20 ms. During the shots presented
here, a graphite electrode is inserted from the top of the torus
and biased positively. However, we discuss exclusively the
ohmic phase at the end of the discharge �17� t�21 ms�.
The biasing phase of the discharge has been discussed in
Refs. 7–9. A so-called rake probe, made of 16 tips radially
separated by 2.5 mm, is inserted from the top of the machine
at an other toroidal location. The radial profiles of floating
potential �Vf� or ion saturation current �Isat� are measured in
a single shot over the 16 tips with a sampling frequency of
1 MHz. During the time window of the analysis �17� t
�21 ms�, most of the tips appear to be inside the SOL due to
a downward shift of the plasma column.

Another series of shots is also analyzed in this work with
a different experimental setup. A poloidal ring of Langmuir
tips covering the whole perimeter and radially positioned at
r=60 mm is used to measure simultaneously the poloidal
velocity of potential and density fluctuations. Two adjacent
tips are separated by 3 mm and one tip out of two measures
the ion saturation current Isat. In these shots, the plasma cur-
rent is adjusted so that the safety factor at the edge is q�a�
=8. Due to the poloidal ring, the minor radius is reduced to
a=60 mm. Because of a vertical shift of the plasma column,
two quadrants of the ring are located inside the SOL. In each
shot only data from one quadrant, corresponding to 32 tips
�16 in Isat, 16 in floating potential�, are acquired with a sam-
pling frequency of 1 MHz.

III. DATA ANALYSIS

The goal of the analysis is to observe the propagation of
selected events along the rake probe as a function of time:
This will in principle allow the observation of single trajec-
tories and will give information about the transport processes
driven by the turbulence. However, one of the difficulties is
that in general, a specified type of event will propagate on
the probes but will also change shape during its propagation.
To overcome this problem, we use a correlation technique.
At first, we select a subset E�t� from the whole time series
S�t� that is believed to be a typical event. This event has a
characteristic shape and a given duration �=M�t, where �t
is the sampling interval. Both the shape and duration of the
event can be deduced from the autocorrelation function of
the signal.

After selecting the event, we define a specific correlation
function,

C�tj� =

�
i=1

M

S�tj + i�t�E�i�t�

��
i=1

M

S�tj + i�t�2�
i=1

M

E�i�t�2

. �1�

The result of the procedure is a correlation function C�t�,
which indicates how the data compare to the event E as a
function of time. C�t� can only take values between −1 and
+1 �1 meaning that the signal of the time window starting at
tj and of duration � is equal to E, −1 meaning same shape but
opposite sign�. In order to keep only the events similar to E,
all the values of C�t� below a certain threshold �for example,
0.6� are set to 0. This procedure is repeated for all the tips of
the rake probe, keeping the selected event E unchanged.

IV. POTENTIAL FLUCTUATIONS:

A. Typical structures: Potential dipoles

It has been observed in a previous article10 that the po-
tential fluctuations have a dipolar character in the SOL of
CASTOR and rotate poloidally with a velocity compatible
with the Er�Bt plasma velocity. The dipolar character ob-
served in different machines11–14 has consequences on the
skewness of the potential fluctuations, which is generally
found to be reduced compared to that of the density fluctua-
tions. We find, however, that this is not the case in CASTOR,
as will be discussed later. Figure 1�a� shows a dipolar struc-
ture selected on one of the tips close to the last closed flux
surface �LCFS�, which is labeled E1 further in the text.

On the rake probe, this typical structure has a duration of
about 70 �s and in general the negative peak is larger than
the positive one. This shape is observed in the time domain,
but if this structure is frozen in time during its poloidal
propagation, the dipolar structure in time translates into a
dipole in space, which is oriented in the poloidal direction.
Consequently, this poloidal dipole creates a strong poloidal

FIG. 1. �Left� Typical potential dipole measured on a probe of the rake
located in the SOL. Such a structure is a characteristic one also encountered
on the other probes. Reference signal E1. �Right� Comparison of autocorre-
lation function of typical dipole E1 with autocorrelation function of the
whole signal.
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electric field �E�, which in turn causes a radial drift velocity
�vr=�E��Bt /Bt

2. Figure 1�b� allows us to compare the au-
tocorrelation function �ACF� of the floating potential fluctua-
tions with that of E1. The existence of an oscillation on the
autocorrelation function of the Vf fluctuations indicates the
presence of coherent dipoles in the signal. Figure 1�b� shows
that E1 is correctly chosen as it reproduces the time scale of
the Vf oscillating correlation function.

It must be noted that the event E1 displayed in Fig. 1�a�
�first negative then positive� gives a radial velocity toward
the wall. However, opposite dipoles �first positive then nega-
tive� that give a radial velocity oriented toward the plasma
core are also found to exist in a similar amount.

B. Trajectories of the dipoles on the rake in the SOL

We focus here on data measured in the time window
17� t�21 ms. As stated above, during this time window, the
plasma is shifted downward and 12 of the 16 probes are now
located inside the SOL. Figure 2 shows the trajectories of
dipoles of type E1, which have correlation C�t��0.6. The
trajectories of these dipoles are found to be radially elon-
gated and inclined. Since they are well separated from one
another, it is possible to follow the motion of each of them
along the rake probe. First of all, the angle in the plane of
Fig. 3 allows us to calculate the apparent radial velocity. A
histogram of the velocities of the dipoles that extend at least
over four consecutive probes is plotted in Fig. 3. The mean
value is �vdipole�=580 m/s while the most probable value is
about 450 m/s. The standard deviation is 	�vdipole�
=250 m/s. As stated above, the radial velocities of the di-
poles plotted in Fig. 3 are only apparent and must not be
interpreted in a straightforward way. References 11 and 12

show that the potential dipoles are inclined structures in the
�r ,�� plane moving poloidally with a velocity comparable to
the Er�Bt one. Therefore, the radial propagation seen in
Figs. 2 and 3 may be only a result of the projection of this
poloidal motion on the rake probe.

As far as the radial extent of the trajectories is con-
cerned, Fig. 2 demonstrates that a number of them extend all
along the whole rake probe. This underlines the fact that the
dipoles can extend radially across the SOL over more than
3 cm.

It should be noted that the amplitude of the dipoles, de-
fined as the difference between the maxima of hills and val-
leys, is proportional to the fluctuating radial velocity. It is
shown in Fig. 4 as a function of radius. The fluctuating radial
velocity created by the radially elongated dipoles remains
almost constant from 55 mm up to 80 mm, where a sharp

FIG. 2. Trajectories of dipoles type E1, along the rake probe in the SOL of
CASTOR.

FIG. 3. Histogram of apparent radial velocities of dipoles type E1 on the
rake.

FIG. 4. Amplitude of dipoles as a function of radius.
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drop is observed. This indicates that the density bursts main-
tain their radial velocity over more than 2 cm, i.e., over most
of the radial extent of the dipoles.

C. Fraction of dipoles in the fluctuating signal

The identification of all the dipoles of the type E1 on the
rake probe allows us to reconstruct the signal corresponding
to the dipoles only. Such a reconstruction is presented in Fig.
5. Figure 5�a� shows the 2D plot of raw potential fluctuations
on the tips of the rake probe as a function of time, while in
Fig. 5�b� only the fluctuations identified as dipoles similar to
E1 �at least correlated to E1 with 60%� are plotted. All the
rest of the signals have been set to zero. It is possible from
these two figures to determine the fraction of type E1 dipoles
in the total signal. To do this, the ratio

F�r� =�� �Vd
2�r�

� �V2�r�
�2�

is calculated at every radial position r, where �Vd stands for
the reconstructed signal from the dipoles and �V denotes the
total potential fluctuations signal.

The result is plotted in Fig. 5�c�, where it is seen that the
potential dipoles of the type E1 contribute very significantly
to the total signal, since the reconstructed signal corresponds
to at least 70% of the total signal near the LCFS and this
fraction grows up to 85% at 80 mm, where it starts to drop.
This demonstrates that E1 is not a rare event but an essential
component of the signal and that dipoles exist also in the
vicinity of the LCFS.

FIG. 5. �a� Top left, Vf fluctuations as a function of time on the rake. �b� Bottom left, reconstructed time signal with only dipoles E1. �c� Right, fraction of
dipoles in total fluctuating signal as a function of radial position, averaged over time.
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V. DENSITY FLUCTUATIONS

A. Burst propagation in the SOL

The typical density event in the SOL of CASTOR is a
burst of duration 30 �s. It is asymmetric, with a fast rising
front and a slowly decaying tail, and it has a similar shape to
what is observed in other machines.15 It is plotted in Fig. 6�a�
and is labeled as the typical event E2 in the following analy-
sis. Its duration is about half of the duration of a potential
dipole. Figure 6�b� compares the autocorrelation function of
density fluctuations with that of burst E2. The small oscilla-
tion of the ACF of the total signal comes from the stationar-
ization of the signal. The signal is composed of positive den-
sity bursts superposed on a positive background density, but

to calculate the ACF, it is necessary to subtract the mean
value, and the foot of the bursts becomes negative yielding
the negative component of the ACF.

The result of the trajectory analysis is shown in Fig. 7
for a threshold value of C�t�=0.8. As in the case of potential
fluctuations, the bursts are found to extend in the radial di-
rection over a large fraction of the rake probe and sometimes
all along it �3.75 cm�.

This result is indicative of a long-range type of transport.

FIG. 7. Trajectories of density bursts type E2, along the rake probe in the
SOL of CASTOR.

FIG. 8. Histogram of apparent radial velocities of bursts of type E2 in the
SOL.

FIG. 6. �Left� Density burst measured on a probe of the rake in the SOL. Reference signal E2 for the trajectory analysis. �Right� Comparison of autocorre-
lation function of typical burst E2 with autocorrelation function of the whole signal.
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It is possible to get some statistics about the trajectories plot-
ted in Fig. 7. The apparent radial velocities calculated for
trajectories, which cover at least four probes, have been mea-
sured from the slope of the trajectories in Fig. 7. Their his-
togram is plotted in Fig. 8.

The most probable velocity is between 900 and
1000 m/s but the mean velocity is around 1300 m/s due to
the existence of a tail of higher velocities. The standard de-
viation of the velocities is in this case 	 �vburst�=1000 m/s.
The relative dispersion of the apparent velocities is 	
�vburst� / �vburst�=77%. This value must be compared with
those obtained for the velocities of the potential dipoles 	
�vdipole� / �vdipole�=43%. It shows that the apparent radial ve-
locities of the bursts are much more fluctuating than those of
the potential dipoles. The dispersion of these velocities indi-
cates that at least one of the components of the apparent
radial velocity �with the poloidal and radial components� is
turbulent. The result of Fig. 8 is in contrast with that ob-
tained for the potential dipoles, whose apparent radial veloci-
ties have less dispersion but also a lower mean value. It
suggests that potential and density fluctuations in CASTOR
do not propagate with the same radial velocity, as will be
discussed in more detail later.

It is possible to select one trajectory of the density bursts
and plot it in its moving frame at every radial position. To do
this, one burst is chosen and the maximum of C�t� corre-
sponding to this burst is found at each radial position. The
signal in the corresponding time window is then plotted with
the time shift removed. Thus we correct from the apparent
radial velocity. The result is shown in Fig. 9 for a burst
propagating within the SOL. Figure 9 is a typical one and is
representative of most of the bursts that have been studied.
The intensity of the burst is maximum up to 1–1.5 cm from
the LCFS. The region with maximum intensity corresponds

most probably to the region where the burst is created. A
decrease of burst intensity by a factor of 2 is observed at
85 mm.

This observation that the burst intensity decays along the
radius can be interpreted in the following way. The density
bursts are understood as poloidally and radially localized
structures that are extending all along the field lines. It is
demonstrated in Ref. 10 that both density and potential
fluctuations are correlated over several toroidal turns in
CASTOR along the field lines with no measurable delay
��1 �s�. In the SOL, the density burst is a filament connect-
ing both sides of the poloidal limiter that moves radially. The
decrease of the burst intensity at large radii may be due to the
parallel loss of particles to both sides of the limiter. The
parallel loss of the density is driven by the sheath condition
at the limiter where the velocity is the ion acoustic speed.

In order to observe these bursts far in the SOL, the radial
transit time of the bursts across the SOL must be comparable
to the parallel one. The parallel transit time is about
t	 =L	 /V	 =300 �s, where v	 is the ion acoustic speed v	 =3
� 104 m/s, and L	 =10 m is a typical parallel connection
length in CASTOR. The perpendicular transit time of the
burst, t�=L� /V� �where L�=3 cm is the radial extension of
the burst on the rake probe�, should be of the same order as
t	 so that the radial velocity of the burst should be at least of
the order of 100 m/s, which is much lower than the apparent
mean radial velocity that is being measured.

B. Fraction of bursts relative to mean density

An important property of the bursts is that their density
does not decrease radially as fast as the time averaged den-
sity. This is shown in Fig. 10, where the ratio

FIG. 9. Propagation of one burst of type E2, along the rake probe in the
SOL. The shaded region corresponds to the shearing region.

FIG. 10. Percentage of bursts relative to time averaged local density as a
function of radius inside the SOL.
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F2�r� =
���Nd�r��2

�N�r��
�3�

is calculated as a function of the radius. In this expression,
�Nd�r� stands for the reconstructed signal with only the
bursts, �N�r�� being the time average density at position r.
Figure 10 shows that the fraction of bursts relative to the
mean density increases strongly with the radius from about
70 mm. The fact that the ratio F2 is not constant along the
radius indicates that the density bursts are not produced lo-
cally at every radial position but that they are formed at a
particular radial position, probably in the region where the
ratio is about constant �70 mm. It should be noted that this
flat region corresponds roughly to the region where the burst
intensity is maximum, see Fig. 9. The bursts propagate radi-
ally over the background density from that place toward the
wall with a different velocity than the background density.
This is an indication that the bursts do not merge so easily
with the background density. All these results are in general
agreement with the ones found in the literature.

C. Fraction of bursts in the fluctuating signal

The fraction of bursts similar to E2 in the total fluctuat-
ing signal has been calculated as a function of the radius
using Eq. �2�. The result is plotted in Fig. 11. It is found that
this fraction remains almost constant along the radius and is
around 70%. This indicates that bursts of the type E2 repre-
sent a substantial part of the signal at almost all radii includ-
ing those close to the LCFS.

In contrast to other studies,2 the bursts are not selected
by a threshold method. In our case, the temporal bursts are
selected according to their shape and duration, independently
from their amplitude. This relative independence of the frac-

tion of bursts with the radius can be confirmed by calculating
the skewness of the signals. The skewness is a good indicator
of the presence of bursts or spikes.

The radial profile of skewness shown in Fig. 12�a� dem-
onstrates that the skewness in the SOL increases toward the
wall and is already high enough near the LCFS. This is dif-
ferent from the situation encountered in larger machines,
e.g., TORE Supra �J. Jacquinot, Nucl. Fusion 43, 1583
�2003�� �Fig. 12�b��, where a small skewness is measured in
the vicinity of the LCFS on the SOL side for standard con-
ditions.

VI. COMPARISON OF POLOIDAL VELOCITIES
OF POTENTIAL AND DENSITY FLUCTUATIONS

In order to compare the poloidal velocities of potential
and density fluctuations, it is necessary to measure them si-
multaneously in the same discharge. To this purpose, a po-
loidal ring of 124 probes covering the whole poloidal perim-
eter is inserted in the machine. A quadrant of the poloidal
ring consisting of 32 probes separated by 3 mm is used for
this measurement. As the probes measure alternately the ion
saturation current and the floating potential, two subsequent
probes in the same mode of operation are separated by
6 mm. The probes are located inside the SOL at a radial
distance of several mm from the LCFS.

To measure the poloidal velocities of the fluctuations, the
following procedure is applied: the signal of a reference
probe of the poloidal ring is cross-correlated with the neigh-
boring probes yielding several correlation functions. Only
the cross-correlation functions that have a maximum larger
than 0.3 are retained and the time shifts of the maxima rela-
tive to the reference probe are plotted versus the poloidal
distance. This procedure is repeated for all the probes and the
data points are accumulated on the same graph. To calculate
the average poloidal velocity of the fluctuations along the
ring, the data are fitted by a straight line by a least mean
square fit. The poloidal velocity is then deduced from its
slope. Figure 13 shows the result obtained for a time window
of 3 ms during the flat top phase of the discharge. It is seen
that the mean poloidal velocity of both potential and density
fluctuations is equal to 1400 m/s. The velocity measured by
each probe is also plotted in Fig. 13. It shows that for this

FIG. 11. Percentage of bursts type E2 in the total fluctuating signal as a
function of radius in the SOL averaged over time.

FIG. 12. �Left� Skewness of density fluctuations as a function of radius in
the SOL of CASTOR. �Right� Skewness of density fluctuations as a function
of radial distance from LCFS in the SOL of Tore Supra �R=2.34 m,
a=0.72 m, Ip=1 MA�.
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shot, the poloidal velocity is very uniform along this quad-
rant of the poloidal ring. This indicates that all the probes are
radially located at about the same distance from the LCFS.
Although the measured velocity is obtained from the whole
fluctuation data, it certainly characterizes the behavior of the
potential dipoles and density bursts that represent about 70%
of the total signal, as it was shown in previous sections.

We conclude from these measurements that potential and
density fluctuations are rotating poloidally with the same ve-
locity. However, the apparent radial velocity of density
bursts has been found to be much larger than that of the
potential dipoles, as shown in Secs. IV B and V A. This can-
not be attributed to the difference in their poloidal velocities.
Consequently, the difference is attributed to different radial
velocities. The radial velocity of the bursts is much larger
than that of the dipoles.

VII. DISCUSSION

The analysis of the data yields the following picture of
the turbulent transport in the SOL of the CASTOR tokamak.
The potential dipoles are observed to be radially elongated
structures, rotating poloidally, and they are expected �by ref-
erence to other measurements11,12� to be inclined in the �r ,��
plane.

The density bursts are seen to be created in the vicinity
of the LCFS. They rotate poloidally with the same velocity
as the potential fluctuations and propagate radially over a
few centimeters without breaking up and with little modifi-
cation in their shape. Their radial velocity is higher than that
of the potential dipoles, indicating that they are streaming
radially along the dipoles in the region, where the poloidal
field of the dipole is maximum, without affecting them. This
shows that density bursts and the potential dipoles are rather
decoupled.

The physical picture derived above can be compared di-
rectly to the results of fluid codes such as the Tokam
code16,17 that models an interchange turbulence in the SOL
of tokamaks. The interchange instability18–20 is considered a
good candidate to explain the turbulence in the SOL of fu-
sion devices, although some other instabilities are also pos-
sible drives.21 The Tokam code is 2D but it is believed to
include most of the essential features of the SOL turbulence.
The turbulence modeled by this code has two limiting states
that correspond to different plasma edge conditions.

The first limiting state corresponds to a long parallel
connection length and/or low collisionality of the SOL. This
situation is, in general, more probable for large devices. In
that case, the picture that emerges is similar to that of
“blobs.”22 There is strong coupling between density and po-
tential fluctuations, meaning that the density burst propagates
with its own internal polarization so that the radial velocities
of potential and density fluctuations are expected to be com-
parable. The large blobs are found to break up during their
propagation so the radial correlation length is short.

The second limiting case corresponds to short connec-
tion lengths and/or high collisionality. In this case, the high
collisionality refers to collisions with neutrals involving
charge exchange that is a very efficient process for the loss
of momentum. This high collisionality or equivalently the
resulting viscosity leads to the formation of streamers or
finger-like radially elongated potential structures. In this
case, the density is decoupled from the potential meaning so
that the internal polarization of the density burst is much
weaker than the surrounding background potential field.
Hence, the density burst can move radially without much
affecting the potential turbulent field.

It is clear that the data of CASTOR are only compatible
with the second case. For CASTOR, the parallel connection
length is extended over several toroidal turns23 in the SOL so
that it is of the order of about 10 m and comparable to the
one obtained in larger machines. On the other side, the frac-
tion of neutrals at the edge of CASTOR seems sufficient to
produce a high viscosity. A lower estimate of the neutral
density put them at 1017 m−3 with a mean free path of the
order of the plasma radius. This means that the neutral den-
sity is several percent of the plasma density in the SOL of
CASTOR and this is in the range needed by the TOKAM
code to produce a turbulence dominated by streamer-like fea-
tures and where the density is decoupled from the potential
field.

VIII. CONCLUSION

In this paper, radially and poloidally resolved probe
measurements allow us to describe the turbulent transport in
the SOL. This transport is found to be long range, with po-
tential and density structures elongated over several cm in
the radial direction. Both density and potential rotate poloi-
dally at the same velocity, but density bursts propagate faster
than the potential dipoles in the radial direction. This indi-
cates that density bursts and potential dipoles are decorre-
lated and that density bursts are streaming along the potential
structures without affecting them. This picture of the turbu-

FIG. 13. �a� Top left, mean poloidal velocity of potential fluctuations on a
segment of 90° of the poloidal ring. Also plotted is the least mean square fit.
�b� Bottom left, same with density fluctuations. �c� Right, local mean poloi-
dal velocity as a function of probe number along the 90° segment.
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lent transport is compatible with that described by an inter-
change fluid code in the limiting state where the feedback of
zonal flows on the turbulence is negligible. Finally, this in-
dicates that the viscosity at the edge of CASTOR is probably
dominated by charge exchange with neutrals.
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