Search for coherent structure within tokamak plasma turbulence
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Two-dimensional tokamak edge density turbulence data are examined for possible coherent or
organized structure. The spatial patterns of density fluctuations 7 appear to consist of localized
“blobs” of relatively high or low density which can move irregularly both radially and poloidally
through the edge region. However, a statistical analysis of the lifetime, area, direction, speed, and
amplitude of these blobs does not as yet suggest any organized structure associated with the blobs
beyond that which can be described by time-averaged correlation functions.

I. INTRODUCTION

Recent developments in fluid turbulence have suggest-
ed that there may be underlying “coherent” or organized
structure within flows which had previously been thought to
be composed of unstructured, broadband turbulence.! In
fluids these coherent structures often consist of large-scale
vortices which can retain their geometry over many charac-
teristic lengths of the motion* and which can significantly
affect transport and mixing.?

It is possible that an understanding of the dynamics and
interactions of such coherent structures may eventually lead
to quasideterministic modeling of turbulent flows. However,
these structures are often difficult to detect using single-
point or even two-point correlation methods, since they can
move irregularly through the fluid and are not necessarily
periodic in time. Multipoint probe measurements or flow
visualization techniques are then necessary in order to detect
them.

Although plasmas are probably more complex than
fluids such as air or water, somewhat similar organized plas-
ma structures such as those associated with solitons, convec-
tive cells, or filamentation have been predicted theoretical-
1y*® and previously observed in nontokamak plasmas.'*-'?
Thus it seems worthwhile to investigate the detailed space-
time structure of the turbulence in a tokamak plasma in or-
der to search for such organized structure.

Previous measurements of tokamak density turbulence
7 have been made using electromagnetic scattering and
probes'>!%; however, the data obtained so far have always
been averaged over space and/or time (i.e., over many corre-
lation volumes or autocorrelation times), so that a search for
coherent structures analogous to those in fluid flows has not
been attempted (and no such structure has yet been report-
ed). This paper describes the first search for coherent or or-
ganized structure made using unaveraged local measure-
ments of the 2-D (two-dimensional) density turbulence 7.
These measurements are made using a 2-D multiprobe array
located in the edge-plasma region of the Caltech tokamak.

In Sec. II we describe the experimental setup, and in
Section III are the experimental results. Section IV is the
discussion, and in Sec. V is a summary.

* Present address: Princeton Plasma Physics Lab, Princeton, New Jersey
08540.
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Il. EXPERIMENTAL SETUP

A. Caltech research tokamak

Most details concerning this tokamak have been de-
scribed previously.'>!¢ The plasma major radius is R = 45
c¢m, minor radius @ =16 cm, toroidal field on axis is
B, = 3.5kG, plasma current 7 = 20 kA, line average den-
sity n = 5X 10">cm ™3, pulse length 1015 msec, and typical
energy confinement time = 0.5 msec.

For the experiments described here the tokamak was
operated in the middle of its normal operation range without
any localized limiters other than the support for the probe
array itself (the edge plasma turbulence is relatively insensi-
tive to the plasma conditions and to the presence of limiters
over the normal range of operation of this machine’®). All
the data presented are taken during the steady-state (i.e., flat-
current) phase of the discharge, for which the average den-
sity and temperature at r/a = 0.8 are typically n = 10"
cm~3and 25 V.

B. The 2-D probe array

The results described below were obtained using the 2-
D radial versus poloidal Langmuir probe array shown in
Fig. 1. This array consists of a square matrix of 8 X 8 = 64
identical probes, each being 0.15 cm in diameter and length
(in the toroidal direction) of 0.6 cm. The spacing between
these probes of 0.26 cm is approximately the diameter of an
ion gyro-orbit in this region of the plasma (evaluated at 7
=T, =25eV),ie.,r, =T./M; = 0.15 cm, so that the ar-
ray is capable of resolving the smallest length scales of inter-
est.

The total size of this array is 1.8 by 1.8 cm, which is
about 1-2 correlation lengths of the 7 turbulence.!® This
turns out to be an important limitation of this system, since
the individual localized blobs of density can not be followed
very far along the “flow.” However, this array size repre-
sents a practical limit for square arrays, since the plasma
begins to be perturbed for probe insertion distances above
about 3 cm.

For all cases below, the probe array is at a fixed position
in the edge plasma at the outer equatorial plane of the toka-
mak, where the probes themselves extended from 0.5 to 2.3
cm radially in past the outer wall. Note that probe support
structure extends 0.6 cm radially in past the innermost row
of probes and 1.5 cm poloidally past the upper and lower
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FIG. 1. Construction of the 2-D Langmuir probe array. There are 64 sepa-
rate probes in an 8 X 8 radial versus poloidal (horizontal versus vertical) ma-
trix which is inserted into the outer equatorial plane of the tokamak.

rows of probes. The poloidal extent of the 2-D array was
made the same as the radial extent for the sake of simplicity.
Note also that the probes point into the direction of the toroi-
dal field and are mounted on the ion drift side of the probe
support structure.

With this configuration these probes are clearly in the
shadow of the probe support structure, which itself acts like
a small limiter in this machine. Thus the results obtained for
the 2-D structure refer, strickly speaking, only to the scrape-
off layer plasma, i.e., the limiter shadow region. However,
this probe design was motivated by previous single-probe
observations that the 7 turbulence levels and spectra within a
limiter shadow region are very similar to those measured
without any limiters.'> This was checked in the present con-
text by noting that the average poloidal correlation lengths,
poloidal propagation speeds, relative fluctuation levels, and
frequency spectra were all approximately the same when
measured by this shadowed 2-D array and by an unsha-
dowed 1-D probe array.'® Furthermore, the 2-D results were
independent of whether the probe support structure was
grounded or floated (i.e., independent of the potential of the
probe support structure with respect to the plasma). Because
of these checks and also because of the similarity of the aver-
aged 7w,k ) spectrum to that measured without any limiters
by electromagnetic scattering experiments,'>'* we can at
least tentatively assume that the structure of edge density
turbulence seen by this array is approximately the same as
that which exists in the absence of the inserted array.

The probe tips for this array were gold-coated electrical
pins that were mounted into a Macor insulating sheet. The
local heat flux was low enough to avoid any damage to the
probes or the insulator. The pins were sealed and supported
from the inside of the probe support structure, which was
itself made of stainless steel and generally grounded to the
chamber wall.

The density fluctuations 7# were measured as usual us-
ing the ion saturation currents J * drawn by the probe tips
when they are biased typically — 100 V dc. These ion satu-
ration currents were measured using 64 separate bias circuits
such as those described previously.!* A specially built data
recording system was constructed which was capable of digi-
tizing all 64 channels, each at a rate of 1.6 MHz.'® Thus the
2-D array data are taken over about 512X0.6 usec=0.3
msec for each discharge. This was long enough to sample
several periods of the lowest frequencies of interest in this
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turbulence. The analog signal bandwidth of this system was
200 kHz. The relatively high digitization rate was used in
order to produce a smoothly varying pattern in the film
which was made from these same data.'’

Ill. EXPERIMENTAL RESULTS

A. Average properties

The time- and space-averaged properties of the edge-
plasma density turbulence are described elsewhere.!® The
relative fluctuation levels are 7i/n = 0.2-0.5, the frequency
and wavenumber spectra are broad, and the autocorrelation
times and correlation lengths are short, suggesting that the
edge density is strongly turbulent.

The averaged poloidal and radial correlation lengths as
determined from the cross-correlation functions are
L, =11cmandL, = 0.7 cm, respectively, which are in the
range predicted by edge-plasma turbulence models.'* The
poloidal propagation speeds (as determined from the delay
times of the peaks of the cross-correlation functions) are
typicaily in the ion diamagnetic drift direction, consistent
with the large outward radial electric field in this region.'s
There was a slight trend for the average radial propagation
speed to be inward rather than outward.

Aside from these average length scales and propagation
speeds there was no evidence from the space-time averaged
cross-correlation functions for any coherent structure with-
in the edge density turbulence. In the following sections we
examine the detailed, unaveraged 2-D space-time density
patterns in order to search for possible organized structure
that might underlie this apparently random plasma state.

B. 2-D space-time data

Two examples of the unaveraged 2-D space versus time
patterns of 7 are shown in Fig. 2. These patterns show the
local relative 7 across the 1.8 X 1.8 cm array over 10.8 usec
during the middle of two normal plasma discharges.

Each of the numbered frames in Fig. 2 contains 64 sepa-
rate “pixels,” one for each probe, which are arranged in an
8 X 8 matrix corresponding to the probe positions on the ar-
ray {see Fig. 1). The pixels are each shaded with from 1 to 256
small dots according to the amplitude of 7 at that place and
time. The half-shading level (128) for each pixel is set to the
average value of 7 for that probe (for that discharge), and the
darkest and lightest shadings are scaled to the highest and
lowest values of 7 for that probe, respectively. Thus each
frame shows the pattern of relative density fluctuation across
the array, the average values of 77 having been subtracted out,
and the amplitudes of 7 being scaled for each probe separate-
ly. However, since the magnitude of 7 is approximately con-
stant across the array,'® these patterns also represent (ap-
proximately) the actual distribution of the fluctuating

component of 7 across the array.

The raw data displays in Fig. 2 show at least one feature
of the edge turbulence not evident from the averaged cross-
correlation functions; namely, that the 2-D space-time struc-
ture of 7 appears to consist of localized *“blobs” which move
through this radial-poloidal plane. In Fig. 2(a) a dark blob
can be seen to enter the array from the upper left corner in
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FIG. 2. Data on the 2-D space versus time patterns of edge density turbulence for two different shots (a) and (b). The localized dark regions are blobs of
relatively higher plasma density which move through the edge region. The radially inward direction is toward the right, and the ion diamagnetic drift

direction is down. The time between frames is 1.2 usec.

the first frame, and to move toward the center and then
gradually “dissipate’ as it moves toward the lower right in
successive frames (time between these frames is two sam-
pling periods or 1.2 usec). In Fig. 2(b) a blob appears to enter
the array from the lower right and then move relatively un-
changed toward the center and then toward the lower left in
successive frames.

In the film which has been made from this and similar
data,"” a wide variety of blob sizes, shapes, and motions can
be seen. In most cases the blobs appear to enter through the
periphery of the array, and then to move across the array and
out through another boundary. In a few cases a blob appears
to grow spontaneously in the middle of the array or to dissi-
pate before moving out of the array. Although there are both
dark and light blobs (i.e., positive and negative local relative
7 perturbations) we will concentrate only on the dark blobs
in the discussion below.

Our present search for coherent structure will consist of
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an individual analysis of the sizes and motions of these blobs.
The question is: do these blobs display any organized behav-
ior or are they simply the “crests” of a random fluctuations
field best described by the averaged 7i(w,k ) spectrum?

Of course, it is possible that there may be other more
subtle types of coherent structure not describable in terms of
blobs. However, the blob model seemed to be a natural first
choice since it was clearly suggested by a qualitative (i.e.,
subjective) review of the data, and since it also seems to cor-
respond to theoretically predicted coherent structures such
as solitons (localized particle-like perturbations) or convec-
tive cells (plasma vorticies).

C. Identification of a blob

We have chosen to identify the existence and motion of
a blob by the following constraints: (a) the center of the blob
is defined as the ““center of mass” of those pixels (i.e., normal-
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ized 7 signals) which lie above a certain intensity level, where
by center of mass we mean the average position weighted by
the intensity of each pixel, (b) in order to avoid the summing
of two separate blobs, a minimum distance between the cal-
culated center of mass and the location of the maximum
pixel is also specified, and (c) in order to avoid possible dis-
continuities in the motion of center caused by unusually
shaped blobs, a maximum distance between successive
centers was also specified. The beginning time of a blob is
defined as the time when a transition from O to 1 pixel above
the preset intensity level occurs. The end time of a blob is
defined by the time when the next transition to O pixels above
the preset intensity level occurs, or when one of the condi-
tions (b) or (c) above is violated.

The choice of these constraints was motivated by the
desire for the existence and motion of the calculated blobs to
match the impressions obtained from displays of the raw
data such as shown in Fig. 2. The particular values used in
the following analysis were: (a) the threshold intensity level
was chosen to be 170 out of a possible maximum of 256,
where a level of 128 represents the mean level of that pixel,
(b) the minimum distance between the calculated center of
mass and the maximum level was chosen to be 1.5 times the
probe-to-probe separation, i.e., ~0.4 cm, and (c) the maxi-
mum jump between successive centers of mass was chosen to
be three times the probe-to-probe separation, i.e., ~0.8 cm.
Only those blob trajectories which lasted more than three
successive time samples (i.e., 1.8 usec) were retained. In gen-
eral, under these constraints the calculated blob motions
matched the perceived blob motions quite well (see below),
although not all perceived blobs were counted [caused main-
ly by the constraint (a)]. The sensitivity of the calculated
results to the values of the constraints was checked in part, as
described below.

D. Blob trajectories

The trajectories of the centers of several typical blobs
are shown in Fig. 3, including the two previously shown in
the greyscale plots of Fig. 2. Each of these trajectories satis-
fied the constraints discussed in the previous section. Only
one of these blobs is present in the array at any particular
time.

Several properties of the blobs can be seen from this
particular set of trajectories; for example, most blob centers
move in the ion diamagnetic direction rather than in the
electron diamagnetic direction, and most blobs either begin
or end near the periphery of the array. On the other hand, it
appears that there is no particular pattern or organized mo-
tion of the blob centers that would allow a prediction of its
trajectory given, for example, its initial position or velocity.

A total set of 420 such blob trajectories was accumulat-
ed from 54 different tokamak discharges. These discharges
were the same as used previously for the time-averaged anal-
yses of the 2-D data.'® For analysis of the correlation
between two different blob properties (Sec. H), a subset of 77
trajectories from 12 discharges was used instead of the full
set (this subset was randomly chosen, but contained only
blobs which had a minimum lifetime of at least five timesteps
instead of three timesteps as used for the full data set). The
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FIG. 3. Trajectories of several blob centers as they move across the 2-D
array. The case shown in 2(a) and (b) are “*” and “O,” respectively. Each
point on these trajectories is separated by 0.6 usec.

following sections contain a statistical analysis of these blobs
aimed at discovering whether they display any organized
structure.

E. Blob lifetime distribution

Of all the possible types of organized structure, perhaps
the most basic would be that characterized by an unusually
long lifetime of that particular structure in its own (moving)
frame of reference. If this lifetime was much longer than a
typical autocorrelation time (as measured at a fixed point),
then one would suspect that the turbulence could be better
described as a superposition of moving, independent objects
rather than as a statistical distribution of Fourier compo-
nents. Note that the broad frequency spectra measured ex-
perimentally a fixed point (or at a fixed & )*>'* are not neces-
sarily inconsistent with an unusually long blob lifetime, since
the velocity and “impact parameter” of the blobs (with re-
spect to a given point) can be variable.

In Fig. 4 is a histogram of the “lifetime” distribution of
the blobs in the full data set, where by lifetime we mean the
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FIG. 4. Lifetime distribution of the full set of blobs detected in the array.
The autocorrelation time at a fixed point is typically 6-8 usec.
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time over which a single blob can be followed across this
array given the constraints discussed above. A convenient
reference point is the autocorrelation time for the signal
from a single probe, which is in the range z, = 68 msec for
this data.®

It should be noted at the outset that this distribution
represents the measured “residence” time of the blobs within
the boundary of this probe array and not the actual (total)
lifetime of the blobs. A model for the influence of the finite
probe size on the lifetime distribution is discussed in Sec.
IV A.

The histogram of Fig. 4 shows that blob lifetimes of up
to about three autocorrelation times (=21 usec) have been
recorded in this sample. However, the fraction of detected
blobs with a total lifetime of over 21 usec is only about 1%,
whereas the fraction of detected blobs with lifetimes below
about two autocorrelation times (14 usec) was over 90%.
Note that the probability of detecting a blob at any particular
time in the sample is about 17%, so that these blobs are a
relatively common feature of the turbulence. A check was
made of the sensitivity of this distribution to the threshold
level chosen for identification of a blob, and approximately
the same shape for the lifetime distribution was found for
thresholds of 150 and 190 as for the 170 threshold shown
here.

Apparently this broad distribution of blob lifetimes is
more consistent with a random process having a timescale
characteristic of the local autocorrelation time rather than
with a well-defined or unusually long blob lifetime (e.g., soli-
ton). However, it is important to note that most of the blobs
either enter or leave the array through its periphery, thus
producing an underestimate of the actual blob lifetime, as
discussed in Sec. IV A.

F. Blob area distribution

Perhaps the next most significant kind of organized
structure would be the existence of a particular size scale for
the blobs. Note that a broad k spectrum as observed in the
scattering and probe experiments'>'* is not necessarily in-
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FIG. 5. Area distribution of the full set of blobs detected in the array. The
area calculated from the average poloidal and radial correlation lengths is
approximately 15 pixels.
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consistent with a relatively narrow range of blob sizes, since
each blob would itself contain a sum of many spatial Fourier
components.

In Fig. § is a histogram showing the area distribution of
blob sizes for the full data set, where the area is defined as the
largest number of pixels which are simultaneously above the
intensity threshold during the lifetime of a blob. The maxi-
mum area of 64 pixels would correspond to a blob which at
some time fills the array completely (recall that the average
poloidal and radial correlation lengths were 1.1 cm and 0.7
cm, respectively, and that the array size was 1.8 X 1.8 cm).
Obviously, the area so defined depends upon the threshold
chosen; however, the shape of this area distribution was
checked to be approximately the same for levels of 150 and
190 as for the level of 170 used here.

Again, this broad distribution seems to be more consis-
tent with a random process related to the mean correlation
lengths rather than with a fixed size scale for all blobs (a blob
with the average correlation lengths would have an area of
about 15 pixels). However, the same problem arises as with
the lifetime distribution; namely, that some of the blobs nev-
er become entirely contained within this relatively small-
sized array, and so the area of some blobs is underestimated
(see Sec. IV A).

G. Blob net displacement

A third possible type of organized structure would in-
volve the movement of the blob center; for example, blobs
might preferably move at some particular angle or for some
particular distance. Again, such “structure” would not gen-
erally be detected in the average cross-correlation functions.

In Fig. 6 is a scatter plot made using the full data set of
the net radial versus net poloidal displacements of the blobs
from their beginning to their end. The ratio of the number of
blobs which move in the ion direction to those in the electron
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FIG. 6. Net radial versus net poloidal displacement of the blob center for the
full data set. The trend for propagation in the ion diamagnetic drift direction
is also seen in the time-averaged cross-correlation functions.
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FIG. 7. Lifetime versus area for the subset of blob data. There is some corre-
lation between long-lived and large-area blobs.

direction is about 4:1, which is consistent with the predomi-
nant ion direction group velocities seen in the time-averaged
cross-correlation functions.’® The ratio of the number of
blobs which move inward to those which move outward is
only slightly above 1.0, which is also consistent with the
slight tendency for an inward time-averaged group velocity.

However, there was apparently no preferred angle or
distance of movement beyond that which could be described
by the cross-correlation functions. Thus the blob movements
are approximately as pictured in the trajectories in Fig. 3,
i.e., they seem to move randomly across the array.

H. Correlations between two blob properties

Even though the lifetimes, areas, and movements of
these blobs show no obvious organized structure, it is still
possible that there are correlations between two different
aspects of the same blob, for example, between blob lifetime
and area. Such correlations might again be unobservable in
the cross-correlation functions.

In Fig. 7 is a scatter plot of a blob lifetime versus area,
where for this and for the next two plots the 77-blob subset
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FIG. 8. Net radial displacement versus amplitude for the subset of blob
data. There is no correlation between radial blob displacement and blob
amplitude.
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FIG. 9. Average speed versus amplitude for the subset of blob data. There is
no clear correlation between these two blob properties. These speeds are
similar to the propagation speeds derived from the cross-correlation func-
tions.

was used instead of the full data set. From Fig. 7 it appears
that there is some correlation between blob lifetime and area
(i.e., lifetime increases with area); however, this is not too
surprising since the blob identification process naturally fol-
lows larger blobs for a longer time (Sec. III C).

In Figs. 8 and 9 are two scatter plots showing the corre-
lation of blob amplitude with net radial displacement and
with average speed. The blob amplitude is defined as the
average over the blob lifetime of the number of pixels above
the intensity threshold times the average normalized intensi-
ty level of those pixels above the threshold. The blob speed is
defined as the total distance moved by the blob center
(summed after each time interval) divided by its total life-
time. These plots were motivated by the possibility that the
blob radial displacement or speed could be dependent on the
strength of its local perturbation.

The results on radial displacement in Fig. 8 show that
there is no clear correlation between blob radial displace-
ment and amplitude, as might be the case if the most intense
blobs moved inward, for example. Similarly, the results on
blob speed in Fig. 9 show that there is no clear correlation of
blob speed with amplitude. Note that the tendency for more
intense blobs to move farthest is generally the result of their
longer average lifetime and not their higher speed (Fig. 7).
The typical speed of 1-3 X 10° cm/sec is roughly consistent
with (but somewhat less than) the poloidal propagation ve-
locities measured by the time-averaged cross-correlation
functions.

We conclude that no organized or coherent structure
has yet been detected in this ensemble of blob data beyond
that which had previously been determined from the time-
averaged cross-correlation functions. Discussion of the limi-
tations and possible extensions of this result are described
below.

IV. DISCUSSION
A. Lifetime distribution

The lifetime distribution of Fig. 4 shows that a typical
blob center can be followed for only about 10 usec before it
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leaves the array or violates one of the constraints discussed in
Sec. III C. Since this lifetime ¢, within the array is compara-
ble to the autocorrelation time ¢, measured at a fixed point,
it appears that this distribution is more consistent with a set
of random “crests” of an average /(w) spectrum than with a
soliton-like distribution with #;>¢,, for example.

However, since most of the trajectories either enter or
leave through the borders of the array, it is possible that the
observed lifetime distribution significantly underestimates
the actual lifetime of a blob. In the absence of data from a
larger array, we can construct a simple blob model to try and
fit the observed distribution with a hypothetical actual dis-
tribution.

The simplest model which preserves the 2-D nature of
the blob motion is one in which the blobs all live for an actual
time #,, while moving at a constant velocity v, in a straight
line in a random direction in the radial-poloidal plane (the
assumption of constant velocity is fairly well motivated by
the results of Fig. 9; however, the actual trajectories are not
straight lines and the directions are not quite random, as can
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FIG. 10. Model resuls for the relative probability distribution versus over-
lapping length (normalized to the array side L ) for various assumed blob
lengths. In (a) is the geometry of the model, showing the array of side L and
several randomly chosen blob trajectories of length 2 L which partially
overlap the array. In (b){f) are the overlapping-length (or time) distributions
for various assumed blob lengths. A superposition of these distributions can
be used to fit the observed lifetime distribution of Fig. 4.
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be seen from Fig. 3). Thus the blob length /, is such that
I, = v,t, in this model.

If one defines the probe array as a square of side L in the
radial-poloidal plane, as shown in Fig. 10(a), then one can
start a blob at a random position and angle in this plane and
then calculate the fraction of its length which overlaps the
unit square (this length is proportional to the blob lifetime
spent within the array). The distribution of overlapping
lengths therefore simulates the experimental distribution of
observed blob lifetimes ¢5.

Some resulting model distributions are shown in Figs.
10(b}-10(f), where for each assumed blob length /, a total of
500 overlapping trajectories were followed. For very short
blob lengths /, €L most of the overlapping trajectories are
fully within the square and the resulting overlapping length
distribution is sharply peaked at /,, i.e., the corresponding
overlapping lifetime distribution would be peaked atz; =¢,,.
However, for very long blob lengths /,»L (e.g., for soliton-
like blobs) the resulting overlapping length distribution is
sharply peaked near L, since few trajectories stop or start
within the array and the most probable overlapping length is
about L. For intermediate cases such that /, = (1-2)L the
resulting distributions are rather broad, corresponding to a
significant probability for the trajectory to only partially
overlap the array.

Comparison of these model distributions with the ob-
served lifetime distribution of Fig. 4 {assuming /, ~¢,) shows
that none of these alone reproduces the experimental distri-
bution. However, the closest fit comes from assuming a blob
length of /, = (1-2)L [Figs. 10(d)}~10(e)], i.e., a blob lifetime
of ¢, =(1-2)L /v,. Given an approximate blob velocity of
v, = 2% 10° cm/sec (Fig. 9), this implies an actual blob life-
time of ¢, = 10-20 usec for the array size of L = 1.8 cm.
This is roughly twice the autocorrelation time at a fixed
point. Of course, a better fit to the experimental data can be
made by building up a distribution function of lifetimes.
However, this would probably not lead to realistic results
given the many oversimplifications of this model (although it
is clear that the observed distribution is also consistent with
a small population of very long-lived blobs).

A rough check of this estimate for the actual blob life-
time (on average) can be made from an experimental mea-
surement of the number of blobs which are observed to both
start and end within the array (that is, more than one probe
away from the array border). About 8% of the blobs (in the
77 blob subset) fall into this category. The model computa-
tion of the expected percentage to fall within this same
subarea as a function of the assumed blob lifetime results in
8% for t, = 10 usec, 26% for t, =5 usec, and 1% for
t, = 15 usec. Thus the best fit comes from an assumed actu-
al lifetime of about 10 usec.

Thus we can tentatively conclude that although most of
the observed blobs do not spend their whole lifetimes within
the array, it is likely that their actual lifetimes average only
about 1-2 times the local (i.e., zero-dimensional) autocorre-
lation time. This can be qualitatively confirmed by noting
that most blobs change their shape and/or size significantly
during their passage across the array (see Fig. 2 in this paper
and Fig. 8 of Ref. 16).
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B. Relation to theory

Although the experimental results described in Sec. II1
did not show any clear evidence for the predominance of
coherent structure in this edge density turbulence data, the
analysis was inconclusive at several points: (a) coherent
structure may be characteristic of only some fraction of the
detected blobs (for instance, those with unusually long life-
times), (b) the process of identification of a blob was some-
what arbitrary and oversimplified, (c) the array was too small
to accurately identify or track the larger blobs (which might
show more coherence than average) and (d) the blob motion
in the parallel direction was not measured. Thus some
further searches for structure within the turbulence are
needed, and for these it would be useful to be guided by the
theoretical possibilities.

Perhaps the most clear-cut example of a coherent struc-
ture theory of plasma turbulence applicable to the tokamak
edge plasma is the solitary wave or modon solution to the 2-
D drift wave turbulence equations, as calculated by Meiss
and Horton.® These soliton-like solutions have the property
that they can propagate in either the electron or the ion dia-
magnetic direction, which seems consistent with the experi-
ment in that both directions can occur in the same region of
plasma,; also, the size and time scales of the modon distribu-
tion can reproduce a typical fi(w,k) spectrum. However,
there are some features which are not yet consistent, for ex-
ample the radial propagation is absent from this theory, and
the theory predicts that positive perturbations should move
in the electron direction while negative perturbations should
move in the ion direction, which does not appear to be the
case experimentally (although there is some uncertainty
about the experimental correction for the dc radial electric
field).

Numerical calculations of collisional drift wave turbu-
lence applicable to the tokamak edge have been made by
Wakatani and Hasegawa® and by Waltz.'® These calcula-
tions reproduce quite well the observed 2-D spatial structure
of the density turbulence (as shown in Fig. 2), and also show
the presence of relatively long-lived isolated nonlinear vor-
tex structures which can last significantly longer than a typi-
cal autocorrelation time. These computed structures may
correspond to those blobs which last an unusually long time;
however, no clearer correspondence with the experiment
can be made at present. These models also predict fluctu-
ation levels, spectra, and particle diffusion coefficients
which are comparable to those measured in the edge plas-
ma. 15,16

The analytic nonlinear collisional drift wave theory of
Terry and Diamond? includes the idea of “clumps” or den-
sity granulations as a component of the turbulence. These
clumps have lifetimes which are comparable to several times
the autocorrelation time and areas that are comparable to
the mean correlation area, which appears to be roughly con-
sistent with the blob distribution functions shown in Figs. 4
and 5. That is, this statistical turbulence theory involves
structures which are less coherent than solitons but more
coherent than expected from the average autocorrelation
time of the turbulence. This theory also reproduces the ex-
perimental values for the average poloidal wavenumber,
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fluctuation level, and other properties of the edge turbu-
lence' 15,16,21

Other models involving some form of coherent struc-
ture are linear or nonlinear convective cells,”®!! electrother-
mal filamentation,® and plasmon turbulence.® These models
invoke instabilities mechanisms other than the usual density
gradient driven drift wave.

Note that our search for organized structure did not
concentrate on the relatively simple type of coherence asso-
ciated with linear instabilities, since such a “global” space-
time periodicity was not detected in either the frequency or
the k spectra of this data.'® Even when such periodicity is
detectable in the averaged spectra, for example during the H
mode in PDX,?2 this alone does not demonstrate the pres-
ence of coherent or organized structure in the sense that this
term is used in fluid turbulence experiments. However, since
there is yet no a priori definition of a coherent structure even
for fluids,” the development of our definition of organized
structure within plasma turbulence must follow further ex-
perimental and theoretical examples.

On the other hand, although we have suggested that
these observed blobs seem to be more consistent with the
“crests” of an averaged 7(w,k ) spectrum rather than with a
blob-like coherent structure, no quantitative comparisons
with the space-time patterns generated by such spectra have
yet been made. This should be rather straightforward, how-
ever, since the average frequency and k spectra are available
from the experiment.'®

C. Further experiments

As mentioned in Sec. I, the experience in ordinary fluid
turbulence suggests that even when coherent or organized
structure exists within a turbulent flow, it is often difficult to
detect and to characterize quantitatively. This is in part be-
cause such structure can move irregularly through the fluid,
making it difficult to track and measure.

A useful extention of the present results could be made
by simply using a larger array (which can be done at least for
the poloidal dimension), so that a more accurate lifetime dis-
tribution could be obtained. Much more analysis could also
be done with the present data; for example, a possible rota-
tion or swirling of some blobs is suggested from viewing the
film, but has so far been difficult to quantify.

Another approach would be to analyze more carefully
single-probe data in order to detect nonrandomness in the
local 71(¢ ); for example, non-Gaussian amplitude distribution
functions or zero-crossing time distributions might indicate
the presence of isolated coherent structure (experiments in
fluid turbulence have used such single-point measurements
to investigate “strange attractors” in the onset of turbulent
flow?). Alternatively, an analysis of the higher-order corre-
lation functions of two-probe data may allow calculation of
the mode coupling coefficients, which could be at least as
interesting as direct space-time identification of coherent
structure.

It would also be very useful to develop an alternative to
probe arrays for detecting the instantaneous 2-D structure of
tokamak turbulence, since probes can be used only in the
cool edge region of the plasma. Possible detection schemes
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include 2-D imaging of the light spontaneously emitted by
neutrals or ions,>* fluorescence excitation of a 2-D layer of
plasma with subsequent imaging,” holography, or shadow-
graph photography. Particularly interesting would be a
search for large-scale coherent structure (k 7, <1), which if
present could cause substantial plasma transport.'* More in-
formation might also be extracted from multichannel scat-
tering systems, for example, by cross-correlating different
wavenumber signals originating from the same volume in
order to search for some coherent structure.

V. SUMMARY

In this experiment we have used a compact array of
Langmuir probes to obtain unaveraged, local 2-D space ver-
sus time data on density turbulence in the edge region of a
tokamak plasma. These data were analyzed for the presence
of possible coherent or organized structure. Specific conclu-
sions include the following:

(1) The 2-D structure of the edge density turbulence
consists of localized blobs of plasma which move irregularly
both radially and poloidally through the edge region (Figs. 2
and 3).

(2) The lifetime distribution of these blobs is broad and
roughly comparable to the local autocorrelation time ¢, al-
though a small fraction of the detected blobs had lifetimes
over 3¢, (Fig. 4).

(3) The area distribution of these blobs was also broad
and roughly consistent with the area expected on the basis of
the mean correlation lengths (Fig. 5).

(4) There was no clear coherent or organized structure
or pattern detected for the ensemble blobs as a whole (Figs.
6-9).

It is important to note that no direct information about
particle transport can be obtained from the blob trajectories
alone, since these localized density perturbations can be
caused by particle flow from any direction (analogously to
water waves which can move without net fluid motion). Al-
though similar blobs have been seen in the patterns of edge
plasma potential,’® a simultaneous density/potential mea-
surement which could relate the blob trajectories to actual
particle transport has not yet been made.
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