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Abstract. The time-dependent radial and poloidal velocity of edge turbulence is evaluated
using a 2-D time-delayed cross-correlation analysis of fast camera data from the gas puff
imaging (GPI) diagnostic viewing the outer midplane region in Alcator C-Mod. The local
poloidal velocity fluctuations are averaged over the poloidal viewing region of the GPI
diagnostic and radially resolved over +2 cm around the separatrix. The resulting poloidal
velocity usually has a broadband frequency spectrum in the range ~1-20 kHz, and a radial
correlation which increases at lower line-averaged density. In some cases with ICRH
heating there was also a coherent poloidal velocity oscillation at 6-7 kHz which was highly
correlated with a poloidal magnetic field oscillation at the same frequency. Some of these
results are similar to the GAMs and/or zonal flows described in previous experiments and

theory.
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1. Introduction

The velocity of edge turbulence in tokamaks is an important factor in determining
the plasma parameters of the edge and scrape-off layer (SOL). The radial motion of turbulence
is generally considered to be the dominant cause of edge transport [1-3], and the poloidal
motion can in theory control the turbulence level via mean or time-dependent zonal flows [4-
8]. Therefore it is important to measure both the radial and poloidal motion of turbulence in

order to understand the physics of the cross-field transport in the edge and SOL of tokamaks.

The present paper describes time-resolved measurements of the radial and poloidal
velocity of edge turbulence in Alcator C-Mod made using a gas puff imaging (GPI) diagnostic,
which can measure edge turbulence within a radial range about +2 cm near the outer midplane
separatrix. This imaging data was taken at an upgraded speed of 391,000 frames/sec, and the
2-D cross-correlation analysis method used here is capable of resolving turbulence velocity

fluctuations up to about 30 kHz.

The main goal of this paper was to search for the presence of time-dependent
poloidally directed, large-scale zonal flows in the GPI data by averaging the local velocity
measurements over the available poloidal field of view. This goal was motivated by recent
measurements of edge zonal flows in the frequency range ~5-20 kHz, as reviewed in [5-8].
Many of these measurements have been made locally within a single poloidal/toroidal region
[9-19], while others have used two widely separated detectors to confirm the global structure of
these flows [20-26]. Various types of diagnostic techniques have been used; for example,
heavy ion beam probes in CHS [20], Langmuir probes in T-10 [21], beam emission
spectroscopy (BES) in DIII-D [9], and microwave Doppler reflectometry in ASDEX Upgrade
[12].

In general, two types of zonal flows have been identified: a coherent oscillation
identified with the theoretically-predicted geodesic acoustic mode (GAMs), and broadband
fluctuations identified with 'zero-mean frequency' zonal flows. Thus the primary goal of the

present work was to search for the presence of such GAMs or zonal flows in the C-Mod, where



they have not been seen previously. The present GPI measurements were localized near the
outer midplane, so only the local, and not the global, structure of the poloidal flows can be

directly measured.

A second motivation for the present work was to learn more about the radial velocity
of the edge turbulence, since this can directly affect the radial transport. The time-averaged or
convective velocity of edge turbulence was previously measured in C-Mod using GPI data [27-
31], but time-dependent velocity fluctuations were not evaluated. Radial turbulence velocity
fluctuations have been measured locally with probes in many other tokamaks [1-3], e.g. in
DIII-D [32] and JET [33], but the poloidally-averaged radial velocities have not been
measured. Thus the secondary goal of this paper is to evaluate the poloidally-averaged radial
velocity fluctuations from the GPI data and compare them with the poloidal velocity
fluctuations (also poloidal-averaged), and with the time-averaged radial velocities determined

from the same data.

The organization of this paper is as follows: the GPI diagnostic and data analysis
technique is described in Sec. 2, the parameters of Alcator C-Mod and the database of shots
used here is described in Sec. 3, and the results of this analysis are described in Sec. 4. A
summary and discussion of the results, including comparisons with previous experiments and

theory, is given in Sec. 5, along with conclusions and suggestions for further work.

2. Diagnostic description and data analysis

This section describes the GPI diagnostic and data analysis: Sec. 2.1 describes the
GPI diagnostic techniques, Sec. 2.2 describes the data processing and backgrounds, Sec. 2.3
discusses the interpretation of GPI signals, and Sec. 2.4 describes the data analysis methods

used in the present paper.

2.1 Gas puff imaging diagnostic
The gas puff imaging (GPI) technique has been described previously [27-31] so only

a brief description emphasizing the new features will be given here. The GPI diagnostic uses



the plasma-induced excitation of the neutral deuterium D, (656.3 nm) or helium Hel (587.6
nm) line emission to measure the local 2-D structure and motion of the edge turbulence in the
plane perpendicular to the local magnetic field B, as illustrated in Fig. 1. The diagnostic region
used in the present experiment covers a ~ 5.5 cm radial by ~ 5.5 cm poloidal region near the
outer midplane separatrix, shown by the small box at the bottom of Fig. 1), which is viewed
along the local B field at ~11° with respect to the toroidal direction. The gas cloud is used to
spatially localize the D, or Hel line emission along this sightline, so that the local turbulence
structures perpendicular to B within the gas cloud can be well resolved.

The D, or He gas puff is introduced by a set of four mm-sized holes in a manifold in
the limiter shadow near the region to be imaged. The GPI gas cloud is viewed by a telescope
mounted on the outer wall ~50 cm away, and the resulting image is transferred through a
vacuum window to a custom-made 5 meter long 57x57 quartz fiber imaging bundle. Prior
experiments used glass fiber optic bundles which were replaced in 2009 due to radiation
darkening, most likely due to the high x-ray fluxes generated in C-Mod. The strength of the D,
GPI puff can be adjusted to give a D.signal level at least 5 times larger than the D,
background level just before the GPI puff. For the cases with a He GPI puff into deuterium
plasmas, the signal level of Hel with the puff is much more than 10 times higher than the

background level before the GPI puff.

The image at the other end of the fiber bundle is passed through a D. or Hel filter,
and viewed by a Phantom 710 camera from Vision Research, Inc. For all experiments
described in this paper the camera was operated at 391,000 frames/sec with an exposure time
of 2.2 us/frame. This is faster than previous cameras used on C-Mod, which were operated at
250,000 frames/sec [27-31]. The images for the present paper were digitized at 64x64
pixels/frame with a 12 bit dynamic range for at least 30,000 frames/shot (i.e. 75 msec/shot) just
before and during the GPI gas puff.

The spatial resolution of the optical system is ~2-3 mm at the gas cloud, which is
smaller than the typical turbulence size scale of ~5-10 mm. The spatial resolution of the
turbulence also depends on the extent of the localization of the 3-D turbulence filament by the

gas cloud, which in turn depends on the signal/background ratio, as described in the following



section. The time between frames is ~2.5 us, which is short enough to capture almost all of the
fluctuation power spectrum. There was also a separate array of views coupled to individual
diode detectors which viewed the same gas cloud at an angle of 0° with respect to the toroidal
direction [30] with a higher bandwidth but lower spatial resolution. Data from that diode array

is not used in the present paper.

2.2 Data processing and backgrounds

The data for the present experiment were analyzed for a 20 msec long period near
the peak of the GPI puff when the gas puffing rate and GPI signal level were approximately
constant. The raw camera images for each frame were first normalized to a single 20 msec-
averaged frame for that shot, in order to eliminate systematic pixel-to-pixel spatial variations
due to the fiber bundle and optics. The resulting images show a smoothly varying space-time
structure which clearly resolves the structure and motion of the turbulence, at least on a spatial

scale ~0.5-5 cm. These images can be seen in sample videos [34].

For the GPI measurements made using D, the main background is due to wall
recycling of deuterium outside the GPI puff, but within the GPI field of view. Since these
background neutrals are roughly uniformly distributed toroidally, the background contains the
full 3-D structure of the field-aligned edge turbulence filaments within the GPI field of view
(see Fig. 1). Thus this background appears in the 2-D images as radially elongated 'hoops'
connected to each bright turbulence blob. Since this 3-D background effect is also fluctuating,
it cannot easily be subtracted out. The effect of this background was minimized by increasing
the D, GPI puff strength until the signal/background was ~5 or more near the separatrix. This
is large enough so that the local 2-D structure of the turbulence in the SOL is clearly resolved
up to 1-2 cm inside the local separatrix. Farther inside this radius the D, signal level due to the
GPI puff decreases rapidly, so that the radial structure and motion of the local turbulence can
not be clearly resolved. This 3-D background effect is negligible when the GPI puff gas is He

and the Hel line is used.

2.3 Interpretation of GPI signals
The interpretation of GPI signals has been discussed previously based on DEGAS 2



modeling of the neutral gas puff and atomic physics of D. [35] and Hel [36]. The light
emission in these lines is proportional to n f(n,,T,), where n, is the local neutral density and
typically f~ nT., where typically a, 3 ~ 0.5-1.0 near the spatial peak of the GPI signal in C-
Mod. Good agreement was obtained between the calculated and measured radial location of
the time-averaged light emission from these lines, given the measured density and temperature
profiles in C-Mod [35] and NSTX [36]. Atomic physics calculations indicated the response

time of these lines to changes in n.or T, should be <1 psec.

Thus the local fluctuations in GPI light emission are nonlinear functions of the local
density and temperature fluctuations, assuming that the neutral density from the gas puff does
not vary on the timescale of the turbulence. It was shown previously that this nonlinearity does
not significantly affect the cross-correlation properties of the turbulence [37], i.e. the
correlation lengths and correlation times are largely independent of a, 3. These nonlinearities
act like the contrast control of a TV monitor, in that they change the relative brightness but not
the structure or motion of objects. However, the relative GPI fluctuation level does retain a
sensitivity to these nonlinearities, and so is not the same as the relative density fluctuation
level. The interpretation of GPI signals does assume a correlation between the local electron
density and temperature, since if these were uncorrelated the resulting line emission would be a
mixture of the two time dependences. However, theoretical simulations of the C-Mod SOL

plasma have shown a high correlation between n, and T, [38], as expected for ExB advection.

The interpretation of the 2-D GPI image sequences in terms of 2-D turbulence
velocities has been discussed previously for both time-averaged analyses in C-Mod [27-31]
and time-dependent analyses in NSTX [17,18]. The time-delayed cross-correlation analysis
used in the present paper (Sec. 2.4) works best when these complicated structures move less
than their scale size L,, within a frame-to-frame time, i.e. for the present case when their
velocity is V < 0.8 cm/2.5 us ~ 3 km/sec. The minimal unit for this velocity analysis is 1
pixel/frame or V~ 0.34 km/sec for the present cases, but averaging over many pixels or frames

can resolve velocities significantly lower than this.

There are some additional limitations on the interpretation of the present 2-D GPI



image sequences in terms of 2-D velocities vs. time. For example, motion along a direction in
which there is no signal gradient can not be detected at all, and the cross-correlation technique
used here tends to weight the most intense structures and to miss the weaker or smaller-scale
ones. These limitations are discussed for GPI data analysis in [39] and for the similar time
delay estimation method for BES data in [40]. There are also fundamental limitations in

interpreting the turbulence velocity in terms of local fluid velocity, as discussed in Sec. 5.2.

2.4 Velocity analysis using 2-D cross-correlations

The turbulence velocity was estimated for these experiments using a time-resolved 2-
D cross-correlation analysis code similar to the one used previously used to evaluate poloidal
flows in GPI data from NSTX [17]. This technique is also similar to the time delay estimation
method previously used to evaluate zonal flows from BES turbulence data in DIII-D [9,14].
The present analysis aims to search for large-scale fluctuating poloidal flows in the GPI data;
thus, once the local velocities are found, they are averaged over the poloidal field of view to

evaluate (as well as possible) the large-scale zonal flow component of these velocities.

The first step in the analysis is to normalize each 64x64 frame from the GPI camera
to the time-averaged frame, as described in Sec. 2.2. Two examples of such frames are
illustrated in Fig. 2, where the separatrix is shown by a dashed line, the limiter shadow by a
dotted line, and the 5.5 cm x 5.5 cm frame was oriented so that radially outward is to the right,
and the poloidal ion diamagnetic and grad-B drift directions are downward. The next step is to
choose a single pixel within the analysis region defined by the black box in Fig. 2 (pixels 20-50
horizontally and 8-55 vertically). Then for this pixel for this frame, a short time series is
created consisting of the normalized intensities at that pixel for a time period +5 frames around
the initial frame, i.e. a time series is formed with a length of 10 frames x 2.5 us =25 us. Then
a cross-correlation of this time series is done with a second time series (of the same duration)
for each of the neighboring +8 pixels in 2-D, but centered on the following time frame. Then
the spatial location of the maximum cross-correlation coefficient between the initial pixel's
time series with the time series in the next frame is found. This locates the place where the
fluctuations in the initial pixel are most like the fluctuations in following frame, i.e. this finds

the local motion of the turbulence between these two frames.



The spatial location of this maximum cross-correlation coefficient is then evaluated
for each pixel in every frame. The radial and poloidal velocity for each pixel are then found
from the horizontal and vertical displacements between the initial pixel and the pixel with the
maximum cross-correlation in the next frame, using the calibration 1 pixel/frame =0.34 km/sec.
This analysis requires correlating ~30x47 pixels over 16x16 neighboring points for each time

step, i.e. ~2 billion correlations for a typical 20 msec analysis.

Finally, the poloidal and radial velocities for each pixel for each frame are poloidally
averaged over each ~4 cm poloidal high column in the analysis region of Fig. 2 in order to
evaluate the zonal flows in this region. This process is only an approximation to the ideal m=0
poloidal structure of these flows, but it is the best that can be done to evaluate the zonal flow
component with the limited poloidal range of this diagnostic (see Sec. 5.2). A qualitatively

similar local poloidal velocity analysis was used to identify zonal flows in Refs. 9-19.

The search for the maximum cross-correlation is limited to +8 pixels vertically (in
the poloidal direction), which corresponds to a maximum detectable poloidal velocity of 8
pixels/frame ~2.7 km/sec in either direction. This search range therefore limits the poloidal
averaging region of the results, since we can not search outside the 64x64 frame. The choice
of +8 pixels was a compromise between having a reasonably large 4 cm poloidal averaging
region, and having a reasonably large range of detectable velocities. The radial search range
was bounded by the limiter shadow at the outside, and by the diminishing GPI signal on the
inside. The resulting poloidally-averaged poloidal and radial velocities were almost always <1
km/sec, although individual pixels were sometimes at the limit of this poloidal velocity range.
A typical maximum cross-correlation coefficient using this velocity analysis procedure was
0.8, i.e. the turbulence structure largely moved as a 'frozen flow' over the 2.5 us time delay

between frames.

An example of this analysis technique for measuring the poloidal velocity is shown

at the top left of Fig. 3. In this case the V_, estimated for one column of pixels (at p =0.64 cm)

pol

and for one time (0.752561 sec) is plotted as a function of the poloidal position (i.e. vertical



pixel) over a range of about +2 cm in the analysis box of Fig. 2. The typical V_, is in the range

pol
+1 km/sec, although there is a significant variation of V, with vertical position, which is not
surprising due to the intrinsically turbulent nature of the flow. For the rest of the analysis in
this paper, only the poloidal average of the poloidal velocity over the analysis box of Fig. 2
will be used, which is illustrated for this case by the dashed line at the top of Fig. 3. This is
used to evaluate the zonal flow in this region. Some discussion of the limitations of this
analysis is in Sec. 5.2.

The radial profile of the poloidally-averaged V , for this same time frame is shown

pol
by the solid line at the upper right of Fig. 3, and the 20 msec time-averaged profile of this

poloidally-averaged radial profile of V , is shown by the dashed line. There is a significant

pol

radial variation of V , over the radial range -1 cm < p < 2 cm, which is the radial range of the

pol
analysis box for this case. Sample time dependences of the poloidally-averaged V,, and V
are shown for a 1.2 msec (500 frame) interval at the bottom left of Fig. 3. The time-averaged
radial velocity at this radius (p =0.32 cm) is V4 ~ 0.5 km/sec (radially outward), while the
time-averaged poloidal velocity is V; ~ -1 km/sec (in the ion diamagnetic direction). The
time-average of these time-dependent velocities agreed well with the time-average velocity

obtained using cross-correlations made over a long (~ 10 msec) time series, as done previously

[29].

This time-dependent velocity analysis was checked by taking a typical frame of GPI
data and artificially oscillating it vertically and horizontally in a square-wave motion with
various speeds and periods as a function time. The relative frequency response to this motion
was ~30 kHz (to 1/e amplitude), which was set by the 25 us length of the time series used in
the cross-correlation analysis, as shown at the bottom right of Fig. 3. The frequency spectra of

fluctuations in these velocities will be discussed in Sec. 4.

3. Database and edge turbulence characteristics

This section describes the C-Mod database used for this experiment in Sec. 3.1, the



edge turbulence characteristics in Sec. 3.2, and the edge plasma characteristics in Sec. 3.3.
Since these edge turbulence characteristics are similar to those described previously for GPI
measurements in C-Mod [27-31], they will not be discussed in detail. The turbulence velocity

analysis is in Sec. 4.

3.1 Database for this analysis

The data used for this paper were all taken during the C-Mod 2009-2011 run periods
using the midplane GPI camera running at 391,000 frames/sec. The GPI field of view
remained constant with respect to the vessel during this period, although the separatrix location
varied from shot-to-shot within this field of view. All discharges were standard lower single-

null diverted deuterium plasmas with a nominal size of R, =0.67 m and a=0.23 m.

The list of the 30 discharges used in this paper is shown in Table 1. The primary
criterion for the selection of these shots was the quality of the GPI data. This required that the
GPI signal level during the GPI gas puff was = 5 times the background level before the GPI
puff, so that the fluctuations were well localized along the line of sight (see Sec. 2.2). Also,
these shots were selected to have qys=3.4+0.4 in order for the local B field to be within +2° of
the GPI sightline angle to optimally resolve the 2-D turbulence structure. All GPI data for these
30 shots was taken during the steady-state portion of normal C-Mod discharges (the 31st shot
was just before an L-H transition). The shots highlighted in red in Table 1 were chosen as a
sample of this dataset used for subsequent illustrations, which both included cases with and

without clear zonal flows in the GPI analysis.

The range of plasma parameters was [=0.75-1.1 MA, B=3.6-6.1 T, line-averaged
density <n> ~ 0.6-1.9 x10* m” (i.e. ng ~ 0.10-0.35), and stored energy W=21-76 kJ. Most
discharges were Ohmic, but a few shots had up to Pr~2 MW of auxiliary ICRF power. The
outer midplane separatrix location R, shown in Table 1 varied from ~0.5-2.0 cm inside the
outer limiter shadow location at R;;,=0.905 m, and the GPI gas puff and optical filter were
either D, (656.3 nm) or Hel (587.6 nm). A measure of the poloidal velocity correlation related

to zonal flow is shown in the right column of Table 1 (see Sec. 4.4).
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All 30 of these discharges were in L-mode, but one shot (the last of Table I) had an
L-H transition shortly after the time of analysis. This case (1110114032) is discussed
separately in Sec. 4.7. These 30 discharges covered six run days of GPI operation, with 17
shots done using the D, GPI puff and D, filter, and 13 shots done using the He GPI puff and
Hel filter. The only significant difference between the results for these two GPI gases was the
lower background level for the He GPI cases; otherwise, the turbulence characteristics are

essentially the same for either GPI gas for similar discharges.

3.2 Edge turbulence characteristics

As mentioned above, the general characteristics of edge and scrape-off-layer
turbulence in this database are similar to those described previously for C-Mod [27-31].
Therefore in this section we just give a few examples of these characteristics in order to put the
velocity analyses of Sec. 4 into context. All analyses in this sub-section are averaged over the
4 cm poloidal (i.e. vertical) range of interest as shown by the box in Fig. 2, and over a 20 msec

time interval (~7800 frames).

Figure 4 shows the radial and poloidal GPI correlation lengths evaluated for the top
30 shots in Table 1 at a radial location p~0.5 cm outside the separatrix. Here p is the radial
distance from the separatrix as measured in the GPI field of view near the outer midplane
(positive p is in the SOL). These GPI correlation lengths were first evaluated locally for each
point (assuming a Gaussian cross-correction fall-off), and then averaged over the poloidal
analysis region shown in Fig. 2. These radial and poloidal correlation lengths are almost all

within the range L.~ L ~0.8 + 0.3 cm (FWHM). Thus there are about 5 poloidal correlations

pol
lengths within the 4 cm poloidal analysis region of Fig. 2. There was no systematic difference
in correlation lengths measured with D or He GPI in this database (the four shots with a
somewhat higher radial correlation lengths of L, ~ 1.2 cm were in D, i.e. 1100721010-014).
There was also no strong dependence of these correlation lengths on the plasma current (at

qos=3.4+0.4), as was also the case in [29], or on the stored energy. There was a slight decrease

in correlation lengths with increasing line averaged density, or with the Greenwald density

11



over this range (n;=0.10-0.35). In a separate analysis of a different set of data [31] there were
significant change in the turbulence near the density limit at ng = 0.6, which was not within the

present database.

Figure 5 shows the radial profiles of some edge turbulence quantities for the four
sample shots highlighted in Table 1. At the top left are the radial profiles of the relative GPI
signal intensity, showing a peak within about +0.5 cm of the separatrix (the separatrix was
determined by EFIT and is judged to be uncertain by ~0.3 cm). The relative GPI fluctuation
levels dI/I (RMS/mean) are shown for these same shots at the bottom left, and generally
increase monotonically from 8I/I ~ 0.05-0.2 at p~ -1.0 cm (inside the separatrix) to 01/ ~ 0.2-
0.6 at p ~1.0 cm (outside the separatrix), as usual for tokamak edge plasmas [1-3]. Also shown
in Fig. 5 for these four shots are radial profiles of the radial and poloidal correlation lengths L,

and L, which are in the range L~0.5-1.0 cm (FWHM) in almost all cases. At the top right are

pol»
the profiles of the autocorrelation time, which are in the range are t,,,~3-40 ys (FWHM), and
at the bottom right are the maximum values of the cross-correlation coefficients used for the
velocity analysis, which were all ~0.8, indicating that the flow was largely 'frozen' between

two frames.

3.3 Edge plasma characteristics

Edge Thomson scattering data was available for most of the shots of Table 1, and a
summary of the typical edge electron densities and temperatures is shown in Table 2. Each
number in this table is averaged over 3-4 similar shots and over a radial range of 0.3 cm
around the chosen radii of p = 0 and +0.5 cm, with error bars from the variation in n, and T,
over this radial range for these shots. Near p = 0, the average temperatures were T, ~ 45 eV
for the Ohmic shots and ~130 eV for the ICRH heated shot, with separatrix densities in the
range n, ~ 3.5-9.5 x 10" cm™. Although this table is written in terms of the distance from the

separatrix, it should be noted that the separatrix location is uncertain to about 0.3 cm in C-Mod.
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4. Evaluation of turbulence velocities

This section describes the evaluation of poloidally-averaged turbulence velocities
derived from the analysis methods of Sec. 2 as applied to the GPI database of Sec. 3. Section
4.1 describes the time-averaged radial and poloidal velocities, Section 4.2 describes the
distribution of these velocities, Section 4.3 describes the frequency spectra of these velocities
derived from the time-dependent analysis, and Section 4.4 describes the radial profile of these
frequency spectra. Then Section 4.5 describes the cross-correlations among radial and poloidal
velocities and GPI signal level fluctuations, Sec. 4.6 compares the poloidal velocity spectra
with magnetic fluctuation spectra, and finally Sec. 4.7 describes some results on the velocity
analysis during transient events such as an L-H transition. Thus Section 4.1 describes the time-
averaged "mean flows" and Secs. 4.3-4.7 describe the characterization of time-dependent

"zonal flows" in these plasmas.

4.1 Time-averaged turbulence velocities

Before discussing the time-dependent results derived from the cross-correlation
analysis method of Sec. 2.4, we first present an overview of the time-averaged radial and
poloidal velocities found by averaging the time-dependent analyses over a 20 msec analysis
window. These results are compared with time-averaged velocities found previously in C-Mod

using other methods in Sec. 5.3.

The top part of Figure 6 shows the radial profiles of the time-averaged poloidal and
radial turbulence velocities as a function of radius for the same four sample shots of Fig. 5.
The time-averaged poloidal velocity is typically <V ,(t)> < 1 km/sec in the negative (ion
diamagnetic and grad-B drift) direction, but the magnitudes and profile shapes of V, vary
significantly from shot-to-shot. The time-averaged radial velocity is typically outward for p >
-0.5 cm at <V 4(t)> ~ 0.2 km/sec, but slightly inward farther into the plasma. The middle of

Fig. 6 shows the RMS fluctuation levels of these velocities, to be discussed in Sec. 4.2.

The bottom of Figure 6 shows the radial profiles of the time-averaged poloidal

velocity for all 30 shots in the database. The error bars on the points in Fig. 6 are the RMS
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variations of these velocities over the averaging time interval of 20 msec. The average
poloidal velocity is always in the ion diamagnetic drift direction, but there is a considerable
variation over the range of this database, as illustrated at the top of Fig. 6. The cause of these
shot-to-shot variations in the radial profiles of the time-averaged poloidal velocity is not
understood at present. The time-averaged radial velocity is always outward in the SOL but
inward (although small) for p < 1 cm. The relationship of this radial velocity to radial

transport depends on the correlation with density fluctuations, as discussed in Sec. 5.5.

Figure 7 shows the time-averaged average poloidal and radial velocities at p=0.5 cm
in the SOL for the same database as for the correlation lengths in Fig. 4. The error bars on the
points in Fig. 7 are the RMS variations of velocities over the averaging time interval of 20
msec. There is little or no dependence of these time-averaged velocities on the plasma current
I, or the plasma stored energy W, as was also the case for the turbulence quantities in Fig. 4.
There is a slight increase in the poloidal velocity with increasing line-averaged density or with

Greenwald density in this range of n; = 0.10-0.35.

4.2 Distribution of turbulence velocities

A general result of these analyses is that there is a significant fluctuation level in the
time-dependent poloidally-averaged turbulence velocities within the GPI field of view. This
was already seen in the sample velocity signals vs. time in Fig. 3, and in the RMS velocity

fluctuations averaged in Fig. 6, which had a fluctuating component of 0V ,~0.3 m/sec, i.e.

pol
comparable to the time-averaged velocities. This was further illustrated in Fig. 7, which shows
the velocities calculated at p ~ 0.5 cm for all shots in the database, including the RMS
fluctuations as error bars on the average velocities. Furthermore, Fig. 7 shows that there were
no strong trends in the RMS radial or poloidal velocities as a function of stored energy, plasma

current, or line-averaged density in this database (at this location). In all cases the velocity

fluctuations are comparable in magnitude to the mean velocities.
Figure 8 shows an example of the probability distributions of the radial and poloidal

velocities for three different radii (p =0 cm and p = 0.8 cm) for one case (1091216030),

averaged over 20 msec. The velocity distributions are all quite broad, with a roughly Gaussian
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distribution with an RMS in velocity typically 8V ~ 0.3 km/sec. The velocity distributions in
all other cases are similarly broad. The bottom of Figure 8 shows the distributions of V
jointly with V_, for the same shot, where each point corresponds to the velocity evaluated for a
single time frame (averaged over +12.5 us) for this shot. There is a small linear correlation
between the V; and V,,, for the p ~ 0.0 cm cm cases, but not for the p ~ £0.8 cm cases. The
cross-correlation between radial and poloidal velocity fluctuations is further discussed in Sec.

45.

4.3 Frequency spectra of turbulence velocity

To look for organized zonal flows within these fluctuations in turbulence velocity, it
is very helpful to examine the frequency spectra of these velocity fluctuations. Figure 9 shows
two examples of the frequency spectra of V , (left) and V (right) as a function of time over 20
msec at p= -0.5 cm for shot 1100120025 (top) and 1110114026 (bottom). These time-
resolved spectra are evaluated using an FFT averaged over 800 frames (~2 msec) at each time
point, and the spectra are uncorrected for the frequency response of the velocity analysis, i.e.
the sensitivity to velocity fluctuations in this plot falls by about 1/e at ~30 kHz (see the "25 ps"

curve of Fig. 2).

The case at the top (110110025) shows no apparent coherent features in the
spectrum of either V,, or V, in the range ~1-30 kHz, although there are intermittent bursts of
duration ~1 msec with varying frequency in the range ~1-20 kHz. Most of the shots in Table 1
have spectra which look qualitatively similar to those at the top of Fig. 9. However, the case at
the bottom (1110114026) does show a clear coherent feature at ~6-7 kHz in the V , spectrum
for p =-0.5 cm. This coherent feature in V ,;, persists over at least 70 msec, and is also seen at
other radii (see next section). There is little or no coherent feature in V4 at this frequency.

Figure 10 shows the V  frequency spectra for the four sample shots used in Fig. 6

pol
for three radial locations, p= -0.8 cm, p=0.0 cm, and p=0.8 cm. The top plots show the two
shots of Fig. 9, and the bottom plots show the two other two sample shots, all of which are
averaged over 20 msec (note the varying vertical scales). The coherent mode at ~6-7 kHz in

shot 1110114026 of Fig. 9 can be seen at all three radii in Fig. 10, although with a lower
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amplitude at p=0.8 cm. The more broadband, intermittent frequency spectrum seen in shot
1100120025 in Fig. 9 also seems to have a residual time-averaged spectral structure at p=0.0
cm in Fig. 10, but with different and lower amplitude spectra at p=+0.8 cm. One of the other
two typical shots shown at the bottom of Fig. 10 (1091216030) has a similar but smaller
broadband intermittent structure, but the other shot (1100824017) seems to have no significant

spectral features.

The magnitude of this coherent velocity oscillation for 1110114026 near ~6-7 kHz
between p= - 0.8 cm and p=- 0.0 cm is ~0.2 km/sec, as determined from comparing the peak
in this spectrum with a forced oscillation of the raw image data at this frequency. The full end-
to-end amplitude of the poloidal motion corresponding to this oscillation is ~1 cm. However,
this poloidal motion can not easily be seen in the movies of this shot [34] since the turbulence

correlation times (~10-30 pgs) are much shorter than the period of this oscillation (~150 ps).

4.4 Radial profiles of poloidal velocity spectrum

Radial profiles of the poloidal velocity fluctuation spectra are illustrated in Fig. 11
for the top two shots of Fig. 10, each for three different times. These spectra are again
calculated over 800 frames centered at the times shown in each panel. For the case at the top
(1100120025), the velocity fluctuations have a band-like spectra extending over radius in the
region p = -0.5 cm to +0.5 cm; however, this structure changes slowly in time over 20 msec,
which leads to the broad and intermittent spectra shown in Figs. 9 and 10. In the lower case
(1110114026), the velocity fluctuations have a dominant peak near ~6-7 kHz everywhere in
the region p = -1.0 cm to +0.5 cm for all times, which corresponds to the peak in the spectrum

of Fig. 10. Movies of the time evolution of these spectra are in Ref. [34].

There were only two other shots in this database which had a coherent V , peak at
~6-7 kHz, i.e. 1110114027 and 1110114032. Many other shots had broadband intermittent
spectra like 11001120025 (e.g. 1100120026, 1100120027, 1091216028, 1091216029, and
10912116030). Surprisingly, shot 1110114023 did not have a coherent mode, even though it
was superficially similar to 11004026. However, the ICRH resonance location in the coherent

V,. cases 1110114026, 027, and 032 was located on axis or on the low-field side of the axis,
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whereas the resonance for 1110114023 was located on the high-field side.

In order to help clarify the radial extent of these poloidally-averaged poloidal
velocity fluctuations, a 20 msec time-averaged normalized cross-correlation coefficient
<dV ,(r-A/2) OV

(r+A/2)> was calculated for all radii within the analysis box of Fig. 2 for all

pol pol

shots in Table 1, where A=0.35 cm. The maximum of this cross-correlation coefficient was
then found for each shot, and this maximum is plotted in at the left of Fig. 12 as a function of
the line-averaged density for that shot (these values are also shown at the right of Table 1).
There is a surprisingly clear trend toward an increase in this radial correlation coefficient as
<n> is decreased. Interestingly, the highest poloidal velocity cross-correlation (~0.8) was for
the shot in which an L-H transition occurred just after the time analyzed (1110114032). The
two typical shots with largest spectral features in Fig. 10 (i.e. 1110114026 and 1100120025)
were located in the group of points in Fig. 12 at the lowest density and highest correlation
(~0.6), while the shot with the smallest spectral features in Fig. 10 (i.e. 1100824017) was
located at the highest density and lowest correlation (~0.25). The other sample shot
(1091216030) was somewhere in between in density and correlation level. There was no
obvious trend of the magnitude of these radial cross-correlation coefficients with plasma

current or stored energy in this database.

The minor radial location of this maximum in the cross-correlation coefficient is
shown at the right of Fig. 12 for the same database. These radii are fairly uniformly distributed
in radius over -2 cm to 1 cm with respect to the separatrix. The radius of the maximum cross-
correlation is within ~0.5 cm of the separatrix for the three shots with high correlation
mentioned above, i.e. 1100120025, 1110114026, and 1110114032. Radial profiles of these

cross-correlations for the sample cases are shown in the next section.

Note that the dependence of the maximum radial cross-correlation coefficient of
0V, with density shown in Fig. 12 does not imply that the magnitude of 8V, varies this way
with density. In fact it does not, as shown for the four sample cases in the middle of Fig. 6, and
for the larger database for p=0.5 cm in Fig. 7. Thus the density-dependent feature of the

poloidal flows shown at the left of Fig. 12 refers to the V, flow structure and not its
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amplitude. Also, this variation with density in Fig. 12 should not be directly affected by
systematic changes in the radial or poloidal correlation lengths of the underlying turbulence
with density, since the poloidal velocities are calculated independently of these correlation

lengths.

4.5 Correlations of radial and poloidal velocity
The radial profiles of various cross-correlations of the fluctuations in the poloidally-

averaged 0V, and 8V, with each other and with the fluctuations in the GPI signal level itself

pol
are shown in Fig. 13 for the four sample shots used in Figs. 6 and 10. All these cross-
correlations are averaged over the ~7800 time samples in the 20 msec analysis period for each

shot, so the random cross-correlation level is very small in all cases (~1%).

Sample zero-time delay radial cross-correlations of the poloidal velocity fluctuations
0V, with themselves, with a spatial separation of 0.35 cm, are shown at the upper left of Fig.
13 (same analysis was used for Fig. 12). For the shot with the 6-7 kHz coherent feature
(1110114026) these 8V, cross-correlations are > 0.5 over the radial range +1 cm. The
following shot with a similar coherent feature (1110114027) was similar, and the pre L-H
transition shot (1110114032) has an even higher cross-correlation of = 0.75 over this same
spatial range (not shown). Thus the radial structure of the velocity fluctuations extends over at
least +1 c¢cm around the separatrix in the cases with a 8V, coherent feature. For the less
coherent cases like 110120025 and 1091216030 in Fig. 13, the 8V, cross-correlation is

highest near the separatrix, but falls off inside and/or outside this radius.

The cross-correlation between the poloidally-averaged 6V, and 8V, at zero time
delay and zero radial separation is shown at the upper right of Fig. 13. There is a significant
positive cross-correlation outside the separatrix for at least 3 of these 4 sample shots, and also
for the L-H transition shot (not shown). There was also a significant negative correlation
farther inside for two of these shots. These cross-correlations can be related to the Reynolds'

stress, as discussed in Sec. 5.5.

The zero-time delay cross-correlations of the GPI signal intensity fluctuations I
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(also averaged over the poloidal analysis region) with 8V, or 8V, are shown at the bottom of

pol

Fig. 13. There appears to be a significant negative correlation of 6V, with dI just inside the
separatrix for 1110114026, which is similar to the relationship between these two quantities
seen in NSTX [17], i.e. the fluctuation level decreased when the V, was in the positive
(electron diamagnetic drift) direction. For the other sample shots there is only a low

correlation (< 0.2) of 0l with 8V, or for 81 with 8V . The possible relationship between

pol®

these correlations and turbulent transport is discussed in Sec. 5.5.

4.6 Correlation with magnetic fluctuations

Figure 14 shows part of the V,, power spectra vs. frequency for p = 0 cm for two
shots (1100120025 and 1110114026), averaged 20 msec, overlaid with the MHD power
spectrum of poloidal magnetic field fluctuations from an edge magnetic coil (BP1T_GHK) for

the same shots. The peaks in the spectrum of V , for shot 1100120025 (right) do not coincide

pol

with those in the magnetic spectrum. However, for the coherent mode in the V, spectrum of
1110114026 at ~6-7 kHz does coincide with an MHD peak at this frequency. A similar

frequency match occurred V., and MHD for the similar shot 1110114027, and also for the pre-

pol

L-H transition case 1110114032, during which the frequency-resolved coherence coefficient
between V, and the magnetic signals was 290% at ~6 kHz. However, an apparently similar

shot 1110114023 had neither a coherent peak in V_, nor an MHD peak near 6-7 kHz. Thus

pol

there is a correlation between the edge poloidal velocity and magnetic fluctuations for the cases

with the coherent V , feature.

Also shown in Fig. 14 are the spectra of the GPI signal fluctuations dI at p = 0 cm
for the same two shots, also averaged over poloidal angle. There is a peak in the dI spectrum at

the same 6-7 kHz frequency as in 8V, and MHD spectra for shot 1110114026, suggesting that

pol

the GPI signal fluctuations are modulated with the poloidal flow fluctuations in this case. In

fact, the radial profile of the zero-time cross-correlation of 6V, and 61 was shown at the lower

pol

left of Fig. 13 to be as high as 0.4 just inside p =0 cm. A significantly reduced correlations
between these two fluctuating quantities is seen in the other shot with a relatively large power

in the V , frequency spectrum (but with no 6 kHz feature), i.e. shot 1100120025. Preliminary

pol

analysis of the coherent MHD signal at 6 kHz suggests it is dominated by m=0. Further
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analysis of the phase relations between these three fluctuating quantities will be deferred to a

future publication.

4.7 Transient events
For all data discussed so far the turbulence velocities have been analyzed during
stationary plasmas. However, for shot 1110114032 there was an L-H transition shortly after

the analysis time of 0.90-0.92 sec. Figure 15 shows the V  spectrum vs. time for this shot

pol
when there was an L-H transition at 0.923 sec, and subsequent ELMs at 0.931 sec, 0.938 sec,

and 0.948 sec.

At the left of Fig. 15 is the spectrum of V , vs. time at p = - 0.4 cm, which shows a
sudden decrease in the coherent feature at ~6 kHz at the time of the L-H transition. At the
right of Fig. 15 is the time dependence of the amplitude of this coherent feature in V
integrated over 5-7 kHz for three different radii p = 0.0 cm, and p = £0.4 cm. For each of
these radii the V,, amplitude decreases by a factor of x5-10 within ~10 msec after the
transition, and the amplitude of the MHD mode at this frequency also decreases similarly at
this time (not shown). It is interesting that the slow ~0.5 kHz time-variations in V , before the
transition are also highly correlated among these channels, as will be discussed briefly in Sec.
5.6. The V,, signals show no coherent oscillation and no significant changes at the L-H

transition.

Transient changes in the turbulence velocities were also seen during the ELMs of
Fig. 15. The GPI signal level increases for ~1 msec in the SOL at the ELM crashes, similarly

to NSTX [41]. The V_, has several large oscillations before and during the crash, and there is

pol
a transient increase in V , at the crash. All signals return to their pre ELM state about 1 msec
after the crash. One other example of transient behavior of turbulence velocities was shown
for shot 1110114026 in Fig. 9, which had a sawtooth crash at 0.0911-0.912 sec. In this case
there was a slight increase in the coherent oscillation frequency of V; coincident with the

sawtooth crash, with a return to the original frequency after ~ 3 msec.
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5. Discussion

This section contains a summary of the experimental results in Sec. 5.1, a discussion
of their uncertainties and limitations in Sec. 5.2, a comparison with other time-averaged
velocity measurements on C-Mod in Sec. 5.3, a comparison with the theory of zonal flows in
Sec. 5.4, a discussion of velocity cross-correlations in Sec. 5.5, a discussion of the relationship
to other experimental results in Sec. 5.6, and a conclusion and some further directions in Sec.

5.7.

5.1 Summary of experimental results

The new results of this paper concern time-dependent measurements of the poloidal
and radial velocity of the edge turbulence in C-Mod, evaluated using the cross-correlation
analysis method described in Sec. 2.4, as illustrated in Figs. 2 and 3. These velocities were
averaged over the poloidal range of the GPI diagnostic to search for large-scale zonal flows.

Limitations of this velocity algorithm are discussed in Sec. 5.2.

The edge turbulence characteristics for the database of Table 1 were described in
Sec. 3.2 and shown in Figs. 4 and 5, and are consistent with those described previously for
Alcator C-Mod [27-31]. Figure 4 shows that the poloidal and radial correlation lengths are
almost independent of the plasma current (at fixed q,5), density, and stored energy. Figure 5
shows that the radial correlation lengths are fairly independent of minor radius for four sample
shots, and that the relative GPI fluctuation levels consistently decrease from the SOL to inside

the separatrix, as usual for edge turbulence.

The time-averaged radial and poloidal velocities were described in Sec. 4.1 and Figs.
6 and 7. There was a considerable shot-to-shot variation in the poloidal velocity profile among
these shots, but the average poloidal velocity was in the ion diamagnetic drift (and grad-B
drift) direction within £2 cm of the separatrix. The radial velocity was consistently outward in
the SOL, but was slightly negative (i.e. inward) for p < -1 cm. Figure 7 showed that there was

no systematic variation of these time-averaged velocities with plasma current, density, or
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stored energy, at least at this radius of p=-0.5 cm.

Radial profiles of the RMS fluctuation levels in the poloidally-averaged poloidal and
radial velocity were also shown in Fig. 6 for the four sample cases. These fluctuations were
typically ~0.2-0.4 km/sec, which was comparable to the mean or time-averaged velocities. The
distribution functions of velocity were typically broad, as illustrated in Fig. 8, and there was a
slight correlation between radial and poloidal velocity also shown in Fig. 8. In all cases both

the radial and poloidal velocities had a significant fluctuating component.

The frequency spectra of the poloidal and radial velocity fluctuations for two of the
sample shots was shown in Fig. 9. For one case (1100120025) there were only random-
looking intermittent peaks in the poloidal velocity spectrum, while for the other case
(1110114026) there was a nearly coherent oscillation in the poloidal flow at ~6-7 kHz, which
looked (at least superficially) like a GAM, as discussed in Sec. 5.4. There was no clear
coherent peak in the radial velocity spectra, so further analysis was done only for the poloidal
velocity spectra. Examples of these spectra for the four typical shots were shown in Fig. 10 for
three different radii, and radial profiles of these spectra at three times for two shots are shown
in Fig. 11. The coherent feature at 6-7 kHz of 1110114026 extends over at least +1 cm around
the separatrix, while the more complex spectrum of 1100120025 was localized within about

+0.5 cm of the separatrix.

A measure of the radial correlation of the poloidal flow fluctuations was shown in
Fig. 12, which plotted the maximum of the normalized cross-correlation <0V (r-A/2)
OV ,,(r+A/2)>, where A=0.35 cm. This correlation showed a surprisingly clear dependence on
the line-averaged density, with the highest cross-correlations at the lowest densities. This
suggests that density is a significant variable in determining the poloidal flow profile in this

database, perhaps associated with collisional damping, as discussed in Sec. 5.4.

Radial profiles of the cross-correlations among poloidal and radial velocity
fluctuations and the GPI signal level fluctuations were shown in Fig. 13 for the four sample
cases. The zero-time delay cross-correlation of <0V ,(r) 0V 4(r)> was significant, and will be

related to Reynolds' stress in Sec. 5.5. The zero-time delay cross-correlations between 8V
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and 8l were large in only one case, and those between 0V, and 0l were small in all cases,

as discussed in Sec. 5.6.

The frequency spectra of 8V, were compared with the magnetic fluctuation spectra

in Fig. 14, and a coincidence between the coherent OV, oscillation at 6-7 kHz and a large peak

pol

in MHD spectrum was found. The coherent 0V, decreased significantly at the L-H transition,

pol

as illustrated by another shot in Fig. 15, and there were also transient variations of 0V, during

pol

ELLMs and sawtooth crashes.

5.2 Limitations and uncertainties in experimental results

A fundamental limitation of these results is that the velocity measured in this
analysis is that of the small-scale turbulence seen in the GPI images, and not that of the fluid
(or ExB) velocity of the plasma itself. Thus we need to assume that the turbulence motion in
these images is dominated by the local ExB flow in order to interpret the poloidal oscillations
in velocity as a zonal flow or the radial velocity as a convective transport. Although the
poloidal velocity of edge turbulence has been identified with the zonal flow in previous
measurements, e.g. [9,12], there could be an additional velocity of the turbulence within the
plasma rest frame. For example, it is sometimes assumed (although not proven) that edge
turbulence moves poloidally at the electron diamagnetic drift speed in the plasma rest frame
[1,2]. For a typical case near the separatrix (1110114026) where T.~150 eV and L ~3 cm (see

Table 2), the time-averaged diamagnetic velocity is V  ~1 km/sec, which is comparable to the

pol
measured poloidal turbulence velocity. Unfortunately, the fluctuations in the diamagnetic drift
speed can not be directly evaluated or subtracted out from the measured velocity, since there is
not enough information on time-dependent edge density and temperature profiles at high

frequencies (~2-30 kHz).

The other major limitation of these results is that the poloidal velocities were
averaged locally over only 4 cm in the poloidal direction (about 5 poloidal correlation lengths),
so the derived velocities were not the truly global (i.e. m=0) "zonal" component of these flows.
Although a similar limitation applied to the many previous measurements of zonal flow, e.g.

[9-19], it would be useful to search for zonal flows using two measurements separated by much
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larger distance, e.g. as in [20-26]. Also left somewhat uncertain in this analysis is the
sensitivity of the velocity results to the amplitude of the turbulence, which might, for example,
affect the interpretation of the decrease in the coherent flow feature after the L-H transition in

Fig. 15.

There are also specific limitations to the velocity algorithm described in Sec. 2.4.
The cross-correlation analysis searches only an 8x8 pixel range to find the best frame-to-frame
match, so only velocities < 2.7 km/sec can be found with this method (see also Sec. 5.3).
These analyses also make the approximation that the poloidal direction is vertical in these
images, so averaged over the ~1-2 mm variation in p in a given column (see Fig. 2). Since this
is comparable to the spatial resolution of the diagnostic and smaller than the radial correlation

length of the edge turbulence, so it is not a significant limitation.

5.3 Comparison with other turbulence velocity analyses in C-Mod

Other techniques have been used previously to evaluate the time-averaged poloidal
and radial turbulence velocity in Alcator C-Mod. Radial vs. poloidal velocity fields were first
evaluated with a cross-correlation algorithm in [27] using 2-D GPI data taken at 250,000
frames/sec and averaged over 300 frames (i.e. 1.2 msec). Poloidal velocities inside the
separatrix were found to be dominantly ~0.3-1 km/sec in the ion diamagnetic drift direction,
and radial velocities were outward outside the separatrix were at ~0.5 km/sec, i.e. both similar
to those found here (Fig. 6). Radial velocities of spatiotemporal structures (i.e. blobs) were
subsequently evaluated using time-delayed cross-correlations within GPI images and between
GPI images and a moving Langmuir probe [28]. A broad distribution of radial and poloidal
structure velocities was found for V ; within the range +1 km/sec and for V , in the range -0.5
km/sec to + 1 km/sec, but with an average V _, ~ 0.5 km/sec outward, i.e. similar the

distributions found (Fig. 8).

The time-averaged radial turbulence speed from GPI camera data was recently
studied using a cross-correlation analysis for an L-mode plasma current scan in [29]. Outward
radial speeds in the range V ,~0.2 km/sec in the SOL were found at 0.8-1.1 kA, and reversal of

the radial speed to inward propagation was found near the separatrix, both similar to the results
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of Fig. 6. These behaviors are qualitatively consistent with theoretically expected propagation
characteristics of blobs (outward) and holes (inward). A significant spread in the velocity
distribution of blob structures was seen again. Most recently, GPI turbulence velocities in C-
Mod in different density regimes were analyzed using both cross-correlation and conditional
sampling techniques [31]. In the density range at n/n; <0.3, as used in the present paper, the
time-averaged V,, were within £1 km/sec and the time-average V ,~0.3-0.5 km/sec, similar to

Fig. 6.

A direct comparison was made between the time-averaged velocities obtained from a
blob-tracking algorithm similar to [29] with the time-averaged velocities obtained from the
algorithm of Sec. 2.4 here. The results were very close to each other in magnitude and radial
profile, i.e. differing by an average of only ~0.05 km/sec. A direct comparison was also made
between the cross-correlation and the conditional averaging algorithms of [31] and the
algorithm of Sec. 2.4. The conditional sampling velocities were close to those obtained here
where they could be compared in the SOL, but in some cases the cross-correlation algorithm of
[31] produced velocities which differed from those obtained here by up to ~0.5-1 km/sec. This
is most likely due to a different type of space and time-averaging used in the two different
algorithms. This points out that the turbulence velocities obtained for these GPI images do

depend somewhat on the algorithm used to extract them.

Finally, spatial and temporal Fourier analyses were made on the GPI data from the
2-D array of views coupled to photodiodes [30]. These analyses yield wave-number vs.
frequency spectra and time-averaged poloidal phase velocities of ~2 km/sec in the ion
diamagnetic drift direction, along with a ~4 km/sec phase velocity in the electron diamagnetic
drift direction inside the separatrix. These poloidal phase velocities are significantly higher
than the poloidal velocities determined from the cross-correlation analysis in the present paper.
A detailed analysis of the difference between these two techniques is important, but deferred to

a future publication.

54 Comparisons with theories of zonal flow

The main motivation for this study was to search for edge zonal flows in Alcator C-
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Mod. The result from the present study is that some evidence for zonal flows was found,
although a clear quantitative connection between experiment and theory has not been

established, as discussed below.

The clearest evidence for a zonal flow in this experiment comes from the cases with
a coherent oscillation at 6-7 kHz in the poloidal velocity (e.g. sample shot 1110110026), as
shown at the bottom right of Figs. 9. This oscillation, when it occurred, had a near-constant
frequency over at least +1 cm around the separatrix, as shown in Figs. 10, 11, and 13, and was
correlated with magnetic fluctuations at the same frequency, as shown in Fig. 14. All shots
with this coherent feature had ICRF heating, although shots with somewhat lower ICRF power
had no such an oscillation (i.e. 1100824014, 1100824015).

Somewhat less clear, but still interesting, are the cases with a broadband intermittent
spectrum in the poloidal velocity (e.g. shot 1100120025), as shown at the top right of Fig. 9.
These cases had a complex spectrum in the range ~1-20 kHz which varied with time, but with
a radial structure which was correlated over about +0.5 cm near the separatrix, as shown in
Figs. 11 and 13 (which is comparable to the radial scale length of the turbulence). The radial
correlation of these complex poloidal flows had a clear dependence on the line-averaged
density, as shown in Fig. 12. However, in the highest density cases (e.g. shot 1100824017) it
was not clear whether the small poloidal fluctuations detected by this analysis were actually
large-scale zonal flows, or instead the residual result of averaging over the random small-scale

flows due to turbulence.

The most plausible theoretical candidate to explain the coherent oscillations in this
experiment is a geodesic acoustic mode (GAM), such as seen in many previous experiments
(see Sec. 5.6). An approximate formula for the expected frequency of a geodesic acoustic
mode (GAM) for a shaped tokamak with aspect ratio A, elongation k, and edge safety factor q
is [42]: f=G c/(mR), where the geometrical factor is G = 2% (2/(1+x)) (1+1/(2 A*"))
(141/(4q*) and ¢, = [yZ(TA4T)/M,]’>. For C-Mod: «x=1.6, A=3, q=34, Z=1, M;=2, and

assuming for the shot with a coherent peak in 8V, (1110114026) T,=T.=150 eV (appropriate

pol

for p~ 0 cm) and y=4/3, this frequency is f;,,~34 kHz. However, there is quite a large
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variation in T, (and presumably T,) over the radial range in which the oscillation is observed;
for example, T.=36-340 eV for this shot over p = 0.5 cm (see Table 2), which implies a radial
frequency variation of f~17-52 kHz which is not observed in this experiment. Thus the
identification of this mode with a GAM is inconclusive until the radial structure of this mode is

understood.

The broadband and intermittent poloidal velocity fluctuations seen in this experiment
might be related to the 'zero mean frequency' zonal flows described by other theoretical models
[4]. These flows can have a radial scale length comparable to the turbulence and do not have a
single frequency. They can in theory be affected by collisional damping in the edge, which
might be related to the increased radial correlation as the line-averaged density decreased (Fig.
12). Collisional damping is approximated as [4]: y = /v, where o, = v/qR and v, is the ion-
ion collision frequency. For typical edge parameters for 1100120025 of T, ~ 50 eV and n ~
4x10" cm™, this give y ~ 5000 sec™', which is not inconsistent with the duration of the bursts of
flow seen for this shot at the top of Fig. 9. This dependence might explain (at least
qualitatively) the density dependence shown in Fig. 12, although the boundary between

broadband intermittent zonal-type flows and random turbulence at high density in Fig. 12 is not

yet clear.

The coincidence between the coherent poloidal velocity oscillations and magnetic
field fluctuations shown in Fig. 14 is not yet explained. Possible candidates include a poloidal
edge velocity oscillation associated with one of the normal low-m MHD modes, a magnetic
component of the usual electrostatic GAMs [43], and an energetic particle-driven GAM [44-
46], or a zonal magnetic field [47]. A few similar observations have been made previously, as

discussed in Sec. 5.6.

In conclusion, there is not yet a clear connection between the poloidal flow
fluctuations seen in this experiment and the theory of zonal flows or GAMs. Such a
comparison would benefit from a specific simulation of zonal flows in these C-Mod edge
plasmas in L-mode, which has not yet been done. A simulation of edge turbulence in C-Mod

L-mode plasmas is in progress [48].
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5.5 Velocity cross-correlations

The zero-time cross-correlations of the poloidally-averaged V,, and V,,, with each
other and with the GPI signal fluctuations were shown for the four sample shots in Fig. 13.
These correlations can in principle provide insight into flow generation and turbulent transport

due to these fluctuations.

The normalized cross-correlation coefficients <6V, 8V > at the upper right of Fig.
13 showed a significant positive correlation of ~0.3-0.5 just outside the separatrix for three of
these four sample shots. This implies that there is a correlation between outward radial
velocity fluctuations and poloidal velocity fluctuations in the electron diamagnetic drift
direction (both velocities as usual averaged over the poloidal extent of the GPI view). This

correlation can be related to the Reynolds' stress, e.g. [49,50] d/dr<dV,, 8V > = Vg,V

pol pol?

where v,,,, is the damping rate of the poloidal flows generated by this correlation. Estimating

<0V, 8V, > ~04V , V., for shot 1091216030 near p ~ 0.5-1 cm (Fig. 13), where the local

pol pol

gradient of this correlation is ~1 cm, then v, ,~04 V_,/1 cm ~ 10* sec™ since V,,,~0.2 km/s
(Fig. 6). This is comparable to the zonal flow collisional damping rate of 5000 sec™ estimated
in Sec. 5.4, and also to a possible damping due to charge exchange of ions with neutrals, i.e. v,
=1, <ov>, = (2x10® cm?/sec)(10"? cm™) ~ 2x10 sec™, assuming n,=10" cm™. It is also true
that 1/v,,, is similar to the lifetime of the structures, i.e. t,,,. Obviously this estimate of the
poloidal flow damping is highly uncertain even for this one case, and also quite variable from

shot-to-shot.

The normalized zero-time cross-correlation coefficients <3V 01> shown at the
lower left of Fig. 13 are largest for the shot with the near-coherent oscillation in V,,
(1110114026). This suggests that there is a decrease in the turbulence level associated with a
positive (i.e. electron diamagnetic drift) velocity fluctuation in this case. A similar correlation
was seen in the 'quiet periods' in NSTX [17]. However, in other experiments a 90° phase shift
was seen between the turbulence level and the zonal flow (i.e. poloidal velocity fluctuation),

similar to a 'predator-prey' relationship. Further investigation of this phase relationship is

important but beyond the scope of the present paper.
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Finally, the zero-time cross-correlation coefficients <V, 8l;x> are shown at the
lower right of Fig. 13. These fluctuating quantities are averaged over the poloidal region of
interest, and so their correlation measures the 'zonal' component of the radial transport. There
was only a small (< 0.2) correlation between these quantities in all cases, but this was still well
above the expected random cross-correlation of~ 1%, and even a small level of this correlation
is sufficient to cause significant radial transport. For example, if this cross-correlation is taken
to be 0.1, and a typical radial velocity fluctuation level is 8V, ~0.2 km/sec (Fig. 8), and if the
local dn/n is assumed to be the same as the GPI fluctuation level 8lg,/I of 10% near the

~ 5x10" cm?, then the local particle flux is T’ = <8V, dn> ~

rad

separatrix (Fig. 5) where n,
(0.1) (0.1) Ny, V,q ~ 10" particles/cm®sec. Assuming a surface area for particle loss of
(27R)(27ka) ~10° cm?, the resulting particle loss would be ~10*' sec™, which is comparable to
expected global loss rate of a C-Mod plasma with an average density of 10'* cm™, a volume of
~ 1 m’, and a particle confinement time of 0.1 sec. Thus even the small cross-correlation levels

of <3V, 0lgp> in Fig. 13 could be responsible for a significant radial transport.

5.6 Relationship to results from other experiments

The main new results from this paper concern the time-dependent measurements of
the poloidal velocity of turbulence motion in C-Mod in the frequency range ~1-30 kHz. These
results are at least qualitatively similar to several results from other experiments, as described
below. Note that spectroscopic measurements of plasmas velocity using diagnostics such as

CHERS are (so far) too slow kHz to evaluate zonal flows in this frequency range.

Coherent fluctuations in edge poloidal velocity in the frequency range ~5-20 kHz
have been measured in many tokamaks and identified as geodesic acoustic modes (GAMs).
For example, the poloidal velocity of GAMs have been measured using Langmuir probes in T-
10 [21], visible imaging in DIII-D [9], Doppler reflectometry in ASDEX Upgrade [12,15], and
heavy ion beam probes in JFT-2M [11] and JIPPT-IIU [13]. The coherent fluctuations
observed here in Figs. 9-11 for shot 1110114026 are in this frequency range, and the poloidal
velocity fluctuation level of ~0.2-0.6 km/sec seen here (Fig. 6) is similar poloidal velocity

fluctuations seen in GAMs, e.g. ~0.2-0.8 km/sec in ASDEX [15]. The present results show
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these oscillation extend outside the separatrix, as was seen in TEXTOR [24], but the frequency

of GAM s in previous results generally increased toward the core, which was not seen here.

A coincidence between the coherent poloidal flow oscillations and edge magnetic
fluctuations, such seen here in Fig. 14, was previously observed for GAMs in T-10 [22] and for
energetic particle-driven MHD bursts in DIII-D [44] and CHS [46]. It is interesting to note that
the coherent oscillation seen here occurred only during discharges with ICRH heating, which
presumably had energetic ion tails. The GAM-like fluctuations are steady in frequency (see
Figs. 9 and 15), similar to the combined ICRH and neutral beam heated plasmas in JET [51],
though in that case the ICRH was deposited on the high-field side. The final three shots in
Table 1, 1110114026 - 32, feature either on-axis or low-field side ICRH deposition. A further
indication of energetic ion interactions with the GAM would be energetic ion losses, however,
such a connection has not been established.

The disappearance of the coherent V., oscillations at the L-H transition shown here

pol
in Fig. 15 is qualitatively similar to the behavior seen in NSTX [17], ASDEX Upgrade [19]
and DIII-D [26] and TJ-II [7]. The very low frequency 'bursting' or 'quiet periods' seen
previously in the V; and turbulence levels before the L-H transition in these devices may also
be similar to the ~0.5 kHz oscillation in the V

15.

s Oscillations before the L-H transition in Fig.

Broadband fluctuations in edge poloidal velocity, i.e. 'zero-frequency' zonal flows,
have also been measured in a similar frequency range in several tokamaks. For example,
broadband low frequency zonal flows were seen with BES in the frequency range ~1-10 kHz in
the core of DIII-D [14], and broadband zonal flows were measured with probes in the
frequency range 0.5-4 kHz in the edge of HT-7 [10] and HL-2A [22]. Relatively little is
known about such fluctuations, so is possible that the broadband V , spectra such as shown for
shot 1100120025 in Figs. 9-11 are similar to these other experiments. The most interesting
characteristic of these fluctuations in the present experiment is their decrease with increasing
density shown in Fig. 12, which is qualitatively similar to the decrease in GAM amplitude seen

in previous experiments, attributed to collisional damping [15].
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There have been many previous measurements of edge and SOL radial velocity
fluctuations using probes [1-3], which have been used to estimate the local turbulent particle
transport <0V, dn>. For example, 8V, distributions in the range ~1 km/sec were seen in
DIII-D [32] and JET [33] which are at least qualitatively similar to the V,,, distributions shown
here in Figs. 8. Note however that the V , calculated here were averaged over the poloidal
viewing region of ~5 poloidal correlation lengths, while the previous measurements were more

local.

Finally, a separate analysis of the 2-D array of GPI diode detectors [52] cites
features in C-Mod I-mode [53] edge turbulence that are characteristic of zonal flows and that

=0 +/- 1 cm™ and

are preliminarily indentified as GAMs. This analysis showed that for k™ =

f*"=20 kHz, there was a non-linear phase coupling between the 20 kHz mode and higher

frequency “weakly coherent mode (WCM)” present in C-Mod’s I-modes.

5.7 Conclusions and further directions
This paper described an analysis of poloidal velocity fluctuations in the edge

turbulence of Alcator C-Mod as measured by the GPI diagnostic near the outer midplane
separatrix. These velocity fluctuations were either coherent at ~6-7 kHz or broadband in the
range ~1-20 kHz, and had an amplitude comparable to the mean (i.e. time-averaged)
poloidal velocity. We conclude that some of these results are similar to the GAMs and/or
zonal flows described in theory and previous experiments, as discussed in detail in Secs. 5.4

and 5.6.

The most important diagnostic improvement would be to have GPI views at other
poloidal and/or toroidal locations in order to check the large-scale n=0, m=0 nature of the
zonal flow, as done previously with other zonal flow diagnostics. Further systematic
experiments would be useful to clarify the location in parameter space of the coherent
poloidal velocity oscillations, which were seen here only during low density, RF heated
plasmas. It would also be interesting to examine more L-H transitions to determine of these

oscillating poloidal flows were somehow causing the transition.
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Theory and/or simulations should be done specifically to evaluate zonal flows for
plasma parameters of the C-Mod edge. These simulations could help guide further searches
for zonal flows in C-Mod, including truly 'zero frequency' modes which are difficult to
distinguish from mean flows. Given the observed correlation of the coherent flows with
MHD activity, it would also be useful to calculate the magnetic component of such zonal
flows, and also the poloidal flows associated with normal MHD activity, in order to clarify

this relationship.
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Table 1: Shot list.

shot

1091216028
1091216029
1091216030

1100120006
1100120008
1100120025
1100120026
1100120027

1100721010
1100721011
1100721012
1100721014

1100803008
1100803015
1100803020
1100803022

1100824014
1100824015
1100824017
1100824019
1100824021
1100824023
1100824024
1100824025
1100824026
1100824028
1100824029

1110114023
1110114026
1110114027
1110114032

time
(sec)

1.41
1.41
1.41

0.76
0.76
0.76
0.76
0.76

1.25
1.25
1.25
1.25

1.26
1.26
1.26
1.26

1.07
1.07
1.07
1.07
1.07
1.07
1.07
1.07
1.07
1.07
1.07

0.91
0.91
0.91
0.91

Ip
(MA)

1.0
1.0
1.0

1.0
1.0
0.8
0.8
0.8

1.1
1.1
1.1
1.1

0.8
0.8
0.8
1.0

0.9
0.9
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1

1.0
1.0
1.0
0.9

1020 m-3

B(T) <n>
52 14
52 1.2
52 11
54 11
54 11
36 0.8
36 0.8
3.6 0.8
54 11
54 1.2
54 1.3
54 1.2
41 11
41 1.6
41 1.7
54 1.6
54 1.6
54 1.6
54 1.8
54 19
54 1.7
54 1.7
54 1.8
54 1.8
54 1.7
6.1 1.7
6.1 14
53 0.8
53 0.7
53 0.7
46 0.7

w

(kN

46
41
38

43
41
21
22
22

36
48
43
37

27
28
21
36

43
47
57
51
47
45
53
49
46
39
30

76
60
58
58

Prr
(MW)

S O O OO o O O

O O OO

oS OO O

Coocococo0o0COoO0OoO
0 o

1.9

1.8
1.8

Rsep
(m)

0.891
0.892
0.893

0.886
0.887
0.886
0.886
0.887

0.893
0.895
0.894
0.895

0.898
0.899
0.899
0.900

0.893
0.893
0.893
0.894
0.895
0.895
0.894
0.893
0.893
0.895
0.897

0.895
0.895
0.896
0.894

GPI  VpaVpol
gas COrrT.
D 0.46
D 0.47
D 0.46
D 0.44
D 0.44
D 0.60
D 0.62
D 0.60
D 0.41
D 0.40
D 0.41
D 0.44
He 0.64
He 0.41
He 0.40
He 0.33
D 0.52
D 0.55
He 0.23
He 0.21
He 0.24
He 0.42
He 0.17
He 0.16
He 0.27
He 0.30
He 0.36
D 0.57
D 0.60
D 0.61
D 0.78
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Table 2: Typical edge and SOL densities and temperatures from Thomson scattering.

parameter n/1020cm=3  Te(eV) n/1020cm3 Te(eV) n/1020cm=3 Te(eV)

p (cm) -0.5+0.3 -0.5+0.3 0+0.3 0+0.3 0.5+0.3 0.5+0.3
1091216028 0.84 £0.15 90 £ 26 - - - -
1091216029
1091216030

1100120025 0.42+0.11 104+54 0.35+0.08 45+23 044+0.04 21=x10
1100120026
1100120027
1100824017 1.2+0.1 84 +30 0.96+.22 46+x16 094 +0.18 28=*11
1100824019
1100824024
1110114023 0.47+0.10 340+160 0.42+0.13 132+103 035+0.13 36+32
1110114026
1110114027
1110114032
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Fig. 1 — Schematic illustration of the GPI diagnostic geometry (top), and the location of the
GPI camera field of view fn the present experiment (bottom box). The GPI diagnostic views
the D, or Hel light emitted by a neutral gas cloud along the local B field direction, in order to
image the 3-D turbulence filament in the radial vs. poloidal plane across B.
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55cm

radial (outward)

Fig. 2 — Example of two successive normalized frames separated by 2.5 us, each with an
exposure time of 2.2 us. The signal level is shown in a false color scale, the separatrix is the
dashed white line, the limiter shadow is shown by the dotted white line, and the black box is
the data analysis region.
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Fig. 3 — Example of a cross-correlation analysis for the poloidal velocity. At the upper left is
the local V,,; vs. the vertical pixel (poloidal coordinate) inferred for one radius for one frame,
and the poloidally-averaged V,, (dashed). At the upper right is the radial profile of the
poloidally-averaged V,, for one frame, and also the 20 msec time-averaged V,, (dashed) At
the lower left are typical poloidally-averaged V , and V , vs. time for a single radius (i.e.
vertical column of pixels). At the lower right is the relative frequency response of this analysis
to an artificial square-wave velocity imposed on this turbulence. The three curves are for
different durations of time sampling used to cross-correlate the data, where At=25 us was used
in the analyses of this paper.
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Fig. 4 — Radial and poloidal GPI correlation lengths for the 30 shots in this database, all
evaluated at p=0.5 cm outside the separatrix. There are only small variations in correlation
length over the range of plasma current I, line-averaged density <n>, and plasma stored energy
W in this database (all with qos ~ 3.4+0.4). There is a slight trend for smaller correlation
lengths at higher density.
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Fig. 5 — Typical radial profiles of turbulence characteristics for four sample shots in this
database, averaged over the poloidal analysis region shown in Fig. 2. At the top left are the
relative GPI signal profiles, at the bottom left are the relative GPI fluctuation levels, in the
middle are the poloidal and radial correlation lengths, at the top right are the autocorrelation
times, and at the bottom right are the maximum cross-correlation coefficients from the frame-
to-frame velocity analysis.
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Fig. 6 - Radial profiles of the poloidally-averaged and time-averaged V,, and V , for four
sample shots (top), the RMS fluctuation levels in these velocities (middle), and average of
these velocities for the 30 shot database (bottom). There is a fairly wide range of profile
shapes for V , within this radial range, but on average the poloidal velocity is ~0.2 km/sec in
the ion diamagnetic direction in the SOL. There is a fairly consistent outward V , in the SOL
of ~ 0.2 km/sec, with a slight reversal to an inward V,, inside the separatrix.
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Fig. 7 — Poloidal and radial velocities at p=0.5 cm for the 30 shots in this database as a
function of three global plasma parameters, W (stored energy), <n> (line-averaged density),
and I, (plasma current). The RMS deviations from these average velocities are shown by the
There is no clear variation in either the mean or RMS velocities with these

error bars.

parameters in this database (at this radius).
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spread around their mean values in all cases. The bottom panel shows the joint distributions of
V. V8. V,, for each time point for the cases above for the three different radial locations in

10912116030. There is a slight correlation between V_,and V_ at p=0 cm.
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Fig. 9 — Examples of frequency spectra of V,,, and V, for p= - 0.5 cm for two shots
(1100120025 and 1110114026). The amplitude spectrum of V ; is broadband and intermittent
for shot 1100120025, but the amplitude spectrum has a near-coherent component at 6-7 kHz
for shot 1110114026. The V,,, do not have a clear coherent feature in either case.
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Fig. 10 — Frequency spectra of poloidally-averaged V , for the four sample shots of Fig. 6 for
three different radii p = -0.8 cm, 0.0 cm, and +0.8 cm. These power spectra are averaged over

20 msec for each case. The coherent peak in 1110114026 appears at all radii. Note the varying
vertical scales for each plot.
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Fig. 11 — Radial profiles of frequency spectra of V,, for three different times for the two shots
of Figs. 9 and 10. For the top case (11000120025) the poloidal field fluctuations in the range
~1-20 kHz are mainly localized within p=+0.5 cm, but for the bottom case the near-coherent
oscillation at 6-7 kHz is spread over at least p =+1 cm.
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Fig. 12 — At the left is the maximum of the normalized cross-correlation coefficient <3V ,(r-
A/2) 8V, (r+A/2)>, where A=0.35 cm, for all shots in Table 1. This correlation increases with
decreased line-averaged density and is largest for the 'pre-L-H' shot with a subsequent L-H
transition (1110114032). The radius of this maximum cross-correlation coefficient is shown at
the right.
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Fig. 13 — Normalized zero-time delay cross-correlation coefficients of poloidal and radial
velocity fluctuations with each other and with the GPI signal level fluctuations 6l (averaged
over the poloidal viewing region). At the upper left is <0V, (r-A/2) 8V ,(r+A/2)>, where
A=0.35 cm. At the upper right is <0V ,(r) OV ,4(r)>, which is related to the Reynolds' stress.
At the bottom are <dV,, 61> and <8V, 81>, which are correlations of the poloidal velocity
fluctuations with the GPI signal fluctuations.
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Fig. 14 — Comparison of the frequency spectra of V,, at p =0 cm for the two shots of Figs. 9
and 11 (blue) with the MHD spectrum from a B-dot coil at the wall (green), and the GPI signal
fluctuation spectrum (red), all averaged over 20 msec. There is a coincidence between the V
oscillation at 6-7 kHz and the MHD and GPI signals in the case at the left, but no correlation of
these features in the case at the right.

50



spectrum of Vpol

1110114Q32 . ( T 16 —r———r——r—r—

1110114032 —p=-04cm 1

— N —p= 0.0cm 4

IN 12 —p=+04cm |
N 3
o x~
c ™~
: &
U_ faza
p 2
b >

0 ....I‘H.l....lHul.“.-ll.‘ul P

0.91 0.92 0.93 0.94 0.9 0.91 0.92 0.93
time (sec)

time (sec)

Fig. 15 — At the left is the V , spectrum vs. time of shot 1110114032 at p= -0.4 cm, showing a
coherent oscillation at ~6 kHz which decreases in amplitude at the L-H transition at 0.923 sec.
At the right is the V,; magnitude vs. time within the frequency range 5-7 kHz for three radii
for this shot, showing that the amplitude of the coherent oscillation decreases at the same time
across over these radii, and that the ~0.5 kHz fluctuations preceding the L-H transition are

common to all 3 radii.
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