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Radially propagating spatiotemporal fluctuation structures are observed in the scrape-off layer of
Alcator C-Mod [I. H. Hutchinson et al., Phys. Plasmas 1, (1994)] using the combination of electric
probes, a radial array of views measuring D, emission, and two-dimensional imaging of D,
emission. For a specific magnetic-field configuration the electric probe and the D, array measured
plasma density and potential fluctuations along the same magnetic-flux tube. Calculations of the
cross-correlation functions of D, intensity fluctuations with ion saturation current fluctuations and
floating potential fluctuations, respectively, reveal that the potential associated with fluctuation
structures is of dipole type, consistent with fundamental models for radial blob propagation. Radial
and poloidal velocities of fluctuation structures are obtained by two-dimensional spatiotemporal
turbulence imaging using an ultrafast framing camera observing the D, emission intensity in the
poloidal plane. In the poloidal direction the fluctuation structures are predominantly propagating in
direction of background E X B velocity. Measured radial velocities are directed outwards with a

magnitude of typically 1% of the ion sound speed. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2164991]

I. INTRODUCTION

It is a well-known feature that turbulent plasma fluctua-
tions in the scrape-off layer (SOL) of fusion experiments are
characterized by sporadic large-amplitude fluctuations in the
plasma pressure and the plasma potential. These infrequent
fluctuations lead to non-Gaussian probability distribution
functions with asymmetric long tails skewed towards larger
magnitudes. Recently, the non-Gaussian character of fluctua-
tions has been emphasized by demonstrating that the distri-
bution function of SOL density fluctuations can be described
by a gamma distribution." The large-amplitude fluctuations
result in a fluctuation-induced transport, which shows a
strong intermittent character with large transport events con-
tributing significantly to the radial plasma flux.>™ Such
events are ascribed to spatiotemporal fluctuation structures
and the associated transport is caused by radial convection of
plasma in potential vortices.”” In the last years, a different
transport mechanism has been observed, in which turbulent
fluctuation structures show a direct radial propagation over
distances larger than the typical radial structure size B!
These structures are referred to as intermittent plasma
objectsg’lz’13 (TPOs), avaloids,"* or blobs'"!® and can directly
impact divertor heat loads and wall recycling in tokamak
devices. One of the first models to describe the radial propa-
gation properties of blobs was suggested by Krasheninnikov
and co-workers.'®!” Here, the radial propagation of blobs is a
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result of the self-consistent electric field, which is associated
with the blob via sheath boundary conditions. Recent ad-
vancements of blob modeling also include the transition of
blobs across the separatrix,18 magnetic fluctuations associ-
ated with blobs," and two-dimensional global numerical
models.” Importantly, the different models predict different
radial blob velocities, dependent on the spatial scale of blobs,
connection lengths to material boundaries, and plasma resis-
tivity. The radial velocity and its scaling is an important
piece of information and directly impacts the energy and
particle transport associated with blobs. Thus, a detailed
characterization of the radial blob dynamics is an important
task.

The present paper reports on measurements of the radial
propagation velocity of blobs in the SOL of the Alcator
C-Mod tokamak®' using gas-puff imaging (GPI) diagnostics,
which allows for a detailed characterization of the blob evo-
lution and propagation properties. The potential distribution
of blobs is determined using the combination of electric
probes and a radial array of D, views. Additionally, distribu-
tions of the radial and poloidal propagation velocities of
blobs are characterized using an ultrafast camera viewing the
D, emission intensity in a poloidal cross section. The paper
is organized as follows. Section II outlines the experimental
setup and fluctuation diagnostics used to characterize turbu-
lent fluctuations. In Sec. III measurements of the potential
distribution of blobs as obtained by correlation measure-
ments parallel to the magnetic field are presented. Section IV

© 2006 American Institute of Physics
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TABLE 1. Discharge and plasma parameters at three different locations in
the SOL: separatrix (p=0 mm), mid-SOL (p=10 mm), and limiter edge
(p=20 mm).

parameter separatrix ~ mid-SOL  limiter edge
electron density n/10" m 7 3 2
electron temperature 7,/eV 45 20 10
effective ion gyro radius p,/ um 300 200 170

ion sound speed C,/km s~! 70 50 30

deals with the radial and poloidal propagation speeds of
blobs as obtained by GPI. The results are summarized and
discussed in Sec. V.

Il. EXPERIMENTAL SETUP

The results reported in the present paper were obtained
in Ohmic discharges with lower single-null magnetic-field
configuration. Average plasma densities were typically 7
=1.5X10* m3=~0.3n;, where n; denotes the Greenwald
density limit.”* The magnetic field was kept constant at a
toroidal magnetic field of B=5.4 T and a plasma current of
Ip=630 kA, which results in a safety factor at the 95% flux
surface of gg;=~6. The SOL plasma parameters for the cur-
rent discharges are compiled in Table I. The choice of the
magnetic-field configurations is determined in order to mea-
sure parallel correlations as it is reported below. To increase
statistical confidence, the data are combined from typically
six identical discharges. Fluctuations were measured using
three complementary diagnostics. The diagnostic arrange-
ment as projected into a poloidal cross section is shown in
Fig. 1. A vertically reciprocating multitip probe was used to
measure simultaneously fluctuations of the ion saturation
current and floating potential (1 MHz sampling frequency)
as the probe scans across the SOL. If electron temperature
fluctuations are assumed to be small, the signals can be taken
as solely dependent on plasma density 77 and plasma potential

fluctuations @, respectively. An ultrafast camera (250 kHz
frame rate, 300 frames memory) views the D, emission of a
localized deuterium gas puff at the outer midplane. The cam-
era’s field of view (fov) has a diamond shape and spans over
6 X 6 cm radially and vertically, covering the SOL and ex-

camera
field-of-view.
E——

vertically

scanning probe 7

FIG. 1. Cross section showing the camera field of view, the radial diode
views, and the reciprocating Langmuir probe as projected into the poloidal
plane.
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FIG. 2. (Color online) Camera snapshot of D, intensity striations in a
toroidal-poloidal cross—section at the outer midplane. A magnetic field line
is superimposed at the radial position of maximum D, emission intensity.
The exposure time is 6 us.

tending =3 cm inside the separatrix. Additionally, a radial
array of fiber views (=4 mm object size) is arranged inside
the camera’s fov, also measuring D, emission from the gas
puff (1 MHz sampling frequency). Details of the D, diag-
nostic setup can be found in Refs. 10, 15, and 23. These may
be referred to hereafter as “diode views” or “diode array.”

The D, emission intensity / depends on the neutral gas
density n, the electron temperature 7, and the electron den-
sity ne.24’25 However, assuming again small temperature fluc-
tuations and variations of the neutral gas density on a time
scale much longer than the turbulent fluctuations, the D,
emission depends only on plasma density fluctuations 7. If
electron temperature fluctuations cannot be neglected they
contribute to the amplitudes of ion saturation current and D,
intensity measurements. However, the characterization of the
spatiotemporal dynamics of turbulent density-fluctuation
structures is not affected if the phase between density and
electron temperature fluctuations is small.

lll. PARALLEL STRUCTURE OF FLUCTUATIONS
AND POTENTIAL DISTRIBUTION OF FLUCTUATION
STRUCTURES

It is well known that the turbulent fluctuations are fairly
localized perpendicular to the magnetic field (poloidal and
radial directions) but extend over much longer distances
along the magnetic field, resulting in k;/k | <1. This feature
is evident when viewing the D, recycling emission in the
poloidal-toroidal plane with the ultrafast camera. A single
camera frame with an exposure time of 6 us is shown in Fig.
2. The camera views radially in from outside in this case and
is focused such that its fov is located at the outer midplane. A
magnetic-field line at the radial position of the peak D, emis-
sion intensity, which is located radially at p~ 1 cm inside the
SOL, is superimposed. (p denotes the radial distance to the
separatrix as projected to the outer midplane.) It is clearly
seen that the fluctuations form striations along the magnetic
field. The poloidal size of the striations is typically 1 cm,
which is much smaller than their extent along the magnetic-
field line, resulting in long parallel correlation lengths. The
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FIG. 3. Poloidal cross section of the SOL showing the position of the D,
diode views, the separatrix, and the mapping of the probe plunge along the
magnetic field to the toroidal position of the gas puff.

fluctuation structures are well aligned with the local mag-
netic field. Examination of subsequent camera exposures re-
veals that the striations are not stationary patterns but form,
propagate, and finally decay. The striations propagate poloi-
dally mainly in direction of time-averaged background E
X B drift (in parallel to the ion diamagnetic drift direction).
However, for short time propagation in opposite direction is
also observed sometimes, which is likely to be an effect of
fluctuations of the radial electric field in the SOL. Based on
this field-aligned character of fluctuation structures, the D,
array signals (measuring density fluctuations) are combined
with the reciprocating Langmuir probe signals (measuring
potential and density fluctuations) to determine the self-
consistent potential associated with the fluctuation structures.
The D, diagnostics are located at approximately the same
toroidal location, which is on the opposite side of the torus
with respect to the probe. For the specified magnetic-field
configuration and a specific position of the probe in the SOL,
the probe maps along a magnetic-field line to a certain view
of the D, array. Thus, both diagnostics sample the same
field-aligned striation. Figure 3 shows the magnetic mapping
of the probe’s plunge to the toroidal location of the radial
array of views as reconstructed from equilibrium fitting
(EFIT) calculations. The vertically scanning Langmuir probe
intersects with one D, diode view (here called connecting
diode). Note that close to the intersection point a radial
change in probe position corresponds also to a change in
vertical probe position, which is approximately in parallel to
the poloidal direction. The connection length along the mag-
netic field between both diagnostics in the present configu-
ration is L.~3 m. The connection length is typically one
order of magnitude larger than the electron-ion collisional
mean free path ¢, = 0.3 m in the SOL but is much smaller
than the distance to material surfaces, which is 15 m in the
mid-SOL for the present configuration. One probe tip is mea-
suring the plasma density fluctuations, and one tip is measur-
ing the plasma potential fluctuations. The fluctuation time
series are divided into subtime series, which correspond to a
radial motion of the probe by Ap=1 mm. For each subtime
series the normalized cross-correlation function between the
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FIG. 4. (Color online) Color coded plot of the correlation amplitude C(i, ®)
in dependence of the correlation time lag 7 and the time in the shot. Addi-
tionally, the position signal of the probe is shown (p is the distance to the
separatrix.)

D, intensity fluctuations of the connecting diode (acting as
the reference signal §,=7) and the two probe tip fluctuation

time series (S,=7 ,<I~)) are calculated, respectively. The result-
ing cross correlation of the density and potential fluctuations

C(i1,®) is depicted in Fig. 4. The correlation amplitude is
shown, color coded according to the correlation time lag 7
for different times in the shot. Additionally, the radial posi-
tion signal, p, of the probe inside the SOL is shown (the
separatrix is located at p=0). Maximum correlation ampli-
tudes of =30% are found. The pattern of the correlation
amplitude is of dipole shape with a region of correlation and
anticorrelation found during the inward and outward probe
plunges at the same radial probe position. The dashed lines
indicate the approximate radial position of the center of the
dipole. The orientation of the dipole is flipped when the
probe is moving outwards, indicating a constant spatial ori-
entation of the dipole. The correlation during outward mo-
tion is less well localized, which is likely a result of pertur-
bations of the potential induced by the conducting probe
head. The poloidal extent of the dipole is =10 mm. Figure 5
shows the result of correlating the diode signal with the
probe measurement of density fluctuations C(77,7) in the
same representation as Fig. 4. Similar correlation amplitudes
of 30% are found. However, here the correlation pattern is of
monopole-like shape with a single correlation maximum dur-
ing the inward and outward motions of the probe at a specific
radial position. Superimposed as a contour plot is the

C(it,d) dipole correlation pattern from Fig. 4. The monopole
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FIG. 5. (Color online) Same as Fig. 4 but showing the correlation ampli-

tudes C(7,7). The result from the C(i7 ,(I~)) pattern is superimposed as con-
tour plot.
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FIG. 6. Cross-correlation amplitudes, time averaged over the correlation
time lag interval 7=[-25 us,50 us], vs the vertical probe position on the
SOL z.

correlation pattern lies at the center position of the dipole
pattern from Fig. 4. This feature is made more apparent when

the respective correlation amplitudes of C(77,77) and C(7 ,®)
are averaged over the intervals of time lag 7 where the cor-
relation patterns are observed. Figure 6 shows the average
correlation amplitudes over the interval 7=[-25 us,50 us]
during inward probe plunge. This corresponds to the time
interval r=[0.73 s,0.75 s] of Figs. 4 and 5. Based on the
mapping calculation (Fig. 3) the radial probe position p in
Fig. 6 is translated into its vertical position z. It is clearly
seen that the monopole correlation pattern is located at the
center of the dipole pattern. The relative spatial positions of
the correlation maxima and minima indicate that the density
correlation pattern is phase shifted by /2 relative to the
potential pattern. The spatial orientation of the dipole is such
that the resulting electric field causes a radially outward ori-
ented E X B drift of the density-fluctuation pattern. This find-
ing is consistent with basic models for radial blob propaga-
tion, in which the self-consistent potential associated with
the plasma pressure perturbation is phase shifted by 77/2 and
also forms a poloidally oriented dipole.

IV. PROPAGATION SPEED OF FLUCTUATION
STRUCTURES

A straightforward approach to measure the radial propa-
gation speed of fluctuations is to inspect the signals from the
radial array of D, diode views. In Fig. 7 the cross-correlation
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FIG. 8. Radial velocities v, as calculated from the time shift of the peak
correlations A7 and the separation of the diode views Ap.

functions of a single diode view located at 13.8 mm from the
separatrix position in the SOL with four other diode views at
different locations within the SOL are shown. A relatively
large radial correlation length, i.e., the radial distance over
which the correlation amplitude decreases to 1/e, of
Ap=15 mm is found. It is clearly visible from Fig. 7 that the
peak values of the respective cross-correlation functions are
time shifted. Correlated fluctuations occur consistently ear-
lier at views closer to the separatrix than those located fur-
ther in the SOL, which corresponds to a radial propagation of
fluctuations. From the time shift of the maximum correlation
amplitudes, A7, and the radial separation of the diode views
Ap, radial velocities of fluctuations v,=Ap/A7 can be de-
duced. The results for neighboring diode views are shown in
Fig. 8. Close to the separatrix, p<<10 mm, a high velocity up
to vy.=2 km/s is found, which may be an artifact of the one-
dimensional measurement (see Sec. V). The velocity drops
quickly and remains approximately constant over the rest of
the SOL with values v,=500 m/s, which corresponds to
v,=~1%C,, where C; is the ion sound speed in the SOL. We
note that this result is based on a one-dimensional diagnostic,
but it is generally observed that the propagation of fluctua-
tions has also a poloidal component.“’

The radial and poloidal components of propagation can
be determined simultaneously using the two-dimensional tur-
bulence imaging camera frames. These frames are particu-
larly good at tracking the motion of turbulent structures. In
Fig. 9 four consecutive camera frames of D, intensity
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5 D, diode time series with the one of a fixed view at p
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FIG. 9. (Color online) For consecutive
ultrafast camera frames of the D,
emission intensity fluctuations in a po-
loidal cross section. Red and yellow
colors correspond to positive fluctua-
tion amplitudes, green and blue to
negative. The separatrix position is in-
dicated as the black solid line, the pro-
jection of the limiter edge as the
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fluctuations with a frame-to-frame time separation of
Ar=12 us are shown illustrating the formation, propagation,
and decay of a long-lived blob. The formation is close to the
separatrix in the region of strong plasma pressure gradient. It
is clearly visible that the blob has strong poloidal and radial
components of propagation as it traverses through the entire
SOL into the limiter shadow, where the blob decays. In order
to characterize the propagation properties of large-amplitude
fluctuations, here defined as blobs, the frames are further
processed to separate blobs from small amplitude, small size
fluctuations. The fluctuation time series from each camera
pixel is normalized to its respective standard deviation o to
account for absolute intensity variations across the fov of the
camera. A threshold to the fluctuation amplitude 7, and the
spatial size Ay, of fluctuations is applied to each individual
frame to detect the blobs. The analysis here is done for Iy,
=3¢ and Agu,=30 pixel=35 mm>. The respective position
(r,z) of the blob is defined as the center of mass of the blob
region. If a different number of blobs are found in two con-
secutive frames, those blobs are related to each other, whose
center-of-mass distance is smallest. The radial v, and poloi-
dal v, velocities are then calculated using the spatial dis-
placement in the radial and poloidal directions of the two
center of mass (Ar,Az) and the time between frames Af as
v,=Ar/At and v,=Az/At. The number distributions of the
two velocity components are shown in Fig. 10. To increase
statistical confidence camera movies from six identical dis-
charges are combined, which yields a total number of =250
events used for the velocity calculations. The sign conven-
tion for the velocities is as follows: negative poloidal veloci-
ties are in direction of background poloidal EX B plasma
rotation in the SOL as determined by the probe measure-
ments. Positive radial velocities correspond to propagation
toward the wall. Both distributions are close to a Gaussian
with skewness and kurtosis being s=0.17, k=1.56 for v, and
s=0.33, k=1.43 for v,, respectively. (Note that a Gaussian
distribution has s=k=0.) They show a similar broad range of
velocities with a full width at half maximum of ~1000 m/s.
In the poloidal direction a significant number of events are
found propagating in both directions in a range
v,£1000 m/s. However, the peak is clearly shifted to nega-
tive velocities meaning that the majority of events are propa-
gating poloidally in background E X B direction. The shift in
distribution is much more pronounced for the radial veloci-
ties. Ninety percent of events are found to propagate radially
outwards. The maximum velocity found is v.=2000 m/s.
The peak of the distribution is located at =500 m/s, which

dashed line. Shown is the evolution of
a long living blob from its formation
close to the separatrix to its decay in
the limiter shadow.

major radius [m]

corresponds to 1% C, and is similar to the radial propagation
speed determined from the radial D, array. We note that a
similar analysis has been also done for negative fluctuations
amplitudes and no evidence for inward or outward propaga-
tion of negative amplitude fluctuations has been found, inde-
pendent of the amplitude threshold.

V. SUMMARY AND DISCUSSION

The propagation properties of turbulent fluctuations in
the SOL of the Alcator C-Mod tokamak using optical D,
diagnostics and electric probes have been studied. Fast cam-
era recordings of D, intensity fluctuations in both the
poloidal-toroidal and the poloidal-radial cross sections visu-
alize the quasi-two-dimensional character of fluctuations
with an extent perpendicular to the ambient magnetic field
that is much smaller than along the magnetic field. Fluctua-
tion structures form striations well aligned with the local

40
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FIG. 10. Number distributions for the poloidal (a) and radial velocity (b) of
large-amplitude fluctuation structures as extracted from the camera frames.
The shaded area indicates 1% C; including radial temperature variations in
the mid-to far-SOL (p=10 mm...20 mm).
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magnetic-field line. Correlation analysis of the signals from a
multitip reciprocating Langmuir probe with the signals from
aradial array of fast D, diode views reveals that the potential
distribution associated with plasma density fluctuations is of
dipole shape. The electric field of the dipole is oriented such
that the resulting E X B drift points radially outwards. This
finding is consistent with the basic models for radial propa-
gation of fluctuation structures and suggests that the turbu-
lence is caused predominantly by curvature driven modes.
Significant correlation amplitudes of up to 30% over a con-
nection length of 3 m are found for both, density and poten-
tial fluctuations, i.e., in C(,7) and C(i7,®). In comparison
with the other studies of parallel correlations of fluctuations
in tokamak SOL turbulence this maximum correlation ampli-
tude is relatively small.*** Several reasons might contribute
to a stronger decorrelation of fluctuations in the present situ-
ation. The C-Mod SOL plasma is characterized by high col-
lisionality, which leads to a much smaller mean free path
along the magnetic field. Additionally, at the position of the
probe the magnetic shear is increased (c.f. Fig. 1), which acts
as a decorrelating mechanism for turbulent fluctuations. Fi-
nally, the different functional dependences of the probe sig-
nal and the D, intensity fluctuations on plasma density and
eventual nonzero electron temperature fluctuations might
lead to a decreased correlation amplitude.

The cross-correlation functions between the different ra-
dial views of the D, diodes clearly indicate a radial propa-
gation of fluctuations with a typical propagation speed of
~500 m/s in the mid- and far-SOLs. The diodes closer to
the separatrix, the region where stronger poloidal flows than
in the mid- and far-SOLs are generally observed, provide a
higher radial propagation speed. It is well known that in the
case of predominantly poloidal propagation of fluctuation
structures, measurements with only radial resolution reveal
artificially high radial propagation speeds.5 Thus, the de-
tected high velocity within p=<10 mm is likely to be an ar-
tifact of the one-dimensional diagnostic approach. Over a
wide range of the SOL the radial velocity stays constant and
no indications for radial acceleration or deceleration are
found. This finding stands in contrast to radial propagation
speeds measured in the SOL of the DIII-D tokamak,8 where
the radial velocity of fluctuations was found to decrease by
one order of magnitude continuously between the separatrix
position and the far-SOL.

The radial velocities deduced from calculation of cross-
correlation functions are averaged over the entire fluctuation
spectrum. Analysis of the ultrafast camera frames has char-
acterized the propagation properties of plasma blobs, i.e.,
fluctuation structures with amplitudes exceeding 3o. Distri-
bution functions of both poloidal and radial velocities are
obtained simultaneously. The poloidal velocity distribution is
clearly shifted in direction of background E X B drift. The
peak of the distribution is found at relatively small poloidal
velocities, while the shift of the distribution is more pro-
nounced for the radial velocities, indicating that the blob
propagation is predominantly radial. Ninety percent of
events are propagating radially outward with a mean velocity
of v,=1% C,. This corresponds fairly well with the radial

Phys. Plasmas 13, 012306 (2006)

velocity obtained from the radial D, diode correlation analy-
sis, which indicates that blobs dominate the correlation am-
plitude.
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