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Electron temperature fluctuations seen in a magnetically confined tokamak plasma have some of the
characteristics of the avalanchelike events sometimes associated with self-organized criticality, including
intermittency, large space and time scales, “1/f” spectra, large tails in the autocorrelation function, and

clear evidence of radia propagation.

PACS numbers: 52.25.Gj, 52.35.Ra, 52.55.Fa

Several distinct paradigms are available for transport
of mass, momentum, energy, or other quantities across
a plasma confined by a magnetic field [1]. Among
these are diffusion (driven by Coulomb collisions or by
microturbulence), convection (magnetic stochasticity, con-
vective cells), relaxation oscillations [sawteeth, edge
localized modes (ELMs)], and the phenomena identified
as “avalanches.” This is shorthand for intermittent trans-
port events which occur on a range of spatial scales up
to the system size. Avaanches are a key ingredient in
the theory of self-organized criticality (SOC), but their
occurrence is not limited to SOC systems.

The intuitive picture of avalanchesis based on modeling
of sandpiles [2] or on observation (preferably remote) of
actual avalanche events. In this picture, the principal quali-
tative characteristic of avalanches is that transport occurs
through discrete, intermittent events. These events occur
on al space and time scales, up to spatial scales corre-
sponding to the system size. The expectation is that the
frequency spectrum should show scaling behavior, f~¢,
most characteristically with @ ~ 1. The autocorrelation
function at any particular location should show an extended
tail at large delay times. Finally, avalanche events should
be seen to propagate with finite velocity in the direction
opposite to the gradient (i.e., downhill).

There have been severa reports of simulations of
plasma instability which show these characteristic behav-
iors in magnetically confined plasmas [3,4]. Consistent
with experimental procedures, these simulations constrain
the sources rather than the resulting profiles, and so
allow for intermittent behavior. There have also been
experimental measurements of noise in plasma density
and potential measurements with some of the expected
characteristics—particularly the spectral behavior [5,6].
Most of these measurements were made in the edge
region of tokamaks and stellarators, which is accessible to
material probes. Thus far, these observations have been
restricted to single-point measurements and so could not
show evidence of radia propagation.

This Letter reports the initial observations of the
radial propagation of avalanchelike events through most
of the cross section of a magnetically confined plasma
in the DIII-D tokamak. These events have al of the
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qualitative characteristics expected for avalanches. in-
termittency, large spatial scale, characteristic spectra,
enhanced autocorrelation, and radial propagation.

Calculations and models for avalanches as applied to
tokamak plasmas provide a qualitative picture of what to
look for, but are not yet sufficiently detailed to give quan-
titative predictions. Thus a search was undertaken to find
evidence of avalanches under the most likely conditions
in the DII1-D tokamak plasma. Although there are severa
instruments on DI11-D which look at fluctuations, the elec-
tron cyclotron emission (ECE) diagnostic, which provides
adirect measure of the local T,, was used because of two
favorable circumstances [7]. First, this is a multichannel
instrument, covering essentially the entire plasma profile
from center to edge; the spatial resolution of each channel
isroughly 6r/a ~ 0.03, where a is the plasma minor ra-
dius. Second, long signal records (several seconds) with
a high sampling rate (50 kHz or better) are possible. To
perform the required analyses, an extended quiet period is
required with no MHD activity, no sawteeth, no ELMs, no
changes in plasma position or heating power.

Among the few suitable discharges are the ones used for
current drive and transport experiments using the DIII-D
electron cyclotron heating (ECH) system, in the prelimi-
nary phase before the ECH is turned on. Generaly, there
is an extended period of 0.5 to 1.5 s, during which the
plasma is weakly heated by a single neutral beam and is
maintained under steady external conditions. A slow inter-
nal evolution of temperature, density, and current profiles
is observed. Characteristic profiles for such a discharge
are shown in Fig. 1. During the period 1.0 to 2.0 s, the
plasma is heated by a single 2.65 MW neutral deuterium
beam source. Also, there is a slow evolution of the equi-
librium profiles. The safety factor at the magnetic axis de-
creases from ~2.0 to ~1.0, and the central T, rises from
~3 to ~4 keV. The plasma has no localized steep gra-
dients in density or temperature. The energy confinement
timeis ~75 to 85 ms.

The observable events which fit the characterization of
avalanchelike phenomena have durations in the approxi-
mate range of 2 to 50 ms. If they exist, events of shorter
duration are obscured by instrumental noise. Longer-
lasting events are difficult to distinguish from the
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FIG. 1. Characterization of a slowly evolving, extremely quiet
phase of DIII-D discharge 96146 at 1.15 s. Profiles of (a) 7.
(keV), and (b) electron density (10'° m~3); the data window is
*15 ms, so several measurements are shown for each location.
(c) The plasma shape at 1.15 s, in the DIII-D vacuum vessel.
The approximate measurement locations of the ECE channels
used in this analysis are indicated by short vertical bars.

secular evolution of the discharge. The following para-
graphs discuss some characterizations of these datain the
context of anticipated avalanche properties.

Intermittency and spatial scale—One of the predicted
properties of avalanches is the intermittent appear-
ance of coherent structures, propagating radially, with
scale lengths up to the size of the plasma. Figure 2
displays the T, fluctuations for a 100 ms interval, nor-
malized to the time-averaged signal for each channel
[6T/T = (T, — (Te)100)/{Te)100, Where (Te)ipo is the
100 ms centered moving average]. The rms fluctua
tion level is 1.0% over most of the plasma radius
(r/a = 0.25-0.7), rising to 2.5% at the plasma edge.
Although thisis a very quiet plasma, some larger fluctua-
tions are seen to be correlated across several channels or
over a significant portion of the plasma (for example, the
highlighted small event at ~1.158 s or the large one at
~1.141 s). Figure 3 provides a qualitative comparison
between a model calculation and these observations.
Figure 3(a) shows the results of a computation of the
dynamics of resistive pressure gradient driven turbulence
[3]. The presence of disturbances with large spatial and
temporal scales that propagate radialy outward is clearly
seen. Figure 3(b) shows the same data as plotted in
Fig. 2. In both cases, the radial span covers most of the
plasma minor radius and the time span is a fraction of the
resistive time. The data in Figs. 2 and 3(b) indicate that
the events cover the radial range from the resolution of the
instrument to the full plasma radius. Measured in terms of
the resistive time, these observations and the calculations
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FIG. 2. T, fluctuations for ECE channels between r/a = 0.25
and the plasma edge, for a 100 ms interval. The left scale
indicates the amplitude for each channel (2% per division). The
radial locations of the channels are indicated by the scale on the
right. The dc level and secular time variation are removed, and
the data are normalized to the mean for each channel. A 0.5 ms
centered rectangular smooth is applied to the plotted data.

of Ref. [3] disagree. The characteristic time for crossing
most of the plasma is 1/40 7z in the modeling, and
1/4000 7 in the experiment. A possible conclusion is
that 7 is not the relevant characteristic time.
Sectrum.—Another expected property is the scaling
character of the Fourier spectrum of the turbulence. Scal-
ing or self-similar behavior is associated with a power-law
spectrum: If F = Cf~ ¢, then the transformations C =
cC' and f = ¢/ f’ give a result indistinguishable from
the original, F = C'f’~*. Figure 4 displays the Fourier
transform of the T, for a1.0 srecord at r/a = 0.48. Two
distinct spectral ranges are apparent. In the range of ~10
to 200 Hz, the spectrum shows a f~' dependence. At
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FIG. 3. Contour plots of (a) density variation versus radius and
time for computed model of resistive pressure gradient driven
turbulence (from Ref. [3]) and (b) relative T, variation versus
radius and time from ECE diagnostic (the samedataasin Fig. 2).
The data in (b) have been clipped at =0.02; white is =0.02,
black is =—0.02. In (a), time is in units of the resistive time,
Tr = a’umo/m; in(b), 7 = 20 s.
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FIG. 4. Fourier spectrum of the fluctuating ECE signal for the
1.0 to 2.0 s record of a channel at r/a = 0.48.

higher frequencies, above ~400 Hz, the spectrum is flat,
corresponding to instrumental noise.

Long-time autocorrelation.—The statistical behavior of
avalanches is characterized by the condition that large-
scale events occur more often than might be expected,
for example, for a Gaussian-Markov probability distribu-
tion. This can be characterized by the appearance of a
power-law tail in the long-time limit of the autocorrelation
function, p(7) = 77#, where 7 isthelag. This power-law
dependence is also an indicator of scaling or self-similar
behavior. A robust technique for quantifying this behav-
ior is the rescaled range (R/S) analysis which yields the
Hurst parameter, H [8]. H is related to the exponent of
the tail of the autocorrelation functionby H = 1 — /2.
Noise with a Gaussian-Markov distribution should give
H = 1/2. H < 1/2 indicates the possibility of long-time
anticorrelation. The results of this analysis for three dif-
ferent radial locations are shown in Fig. 5, where H isthe
slope of the curve. The appearance of regions of constant
slope in this plot indicate self-similar behavior. On all
three curves, there are discontinuities in slope at about a
2-ms sample interval and at about 40 ms. The region be-
tween 2 and 40 ms samples corresponds to 1/f region in
Fig. 4. In this range, the distribution of transient eventsis
strongly weighted to larger excursions. The Hurst parame-
tersfor thisrange of sasmple sizesare H = 0.95, 1.03, and
0.93. The behavior for samples larger than about 40 ms
is not meaningful because of the limited number of such
samples in the total record used. The behavior of short
samples corresponds to the white noise region in Fig. 4.
However, the R/S analysis indicates that this is not nor-
mally distributed. The Hurst parameters are H = 0.70,
0.66, and 0.82 for the channels at /a = 0.29, 0.48, and
0.85, respectively. To test the algorithm used in the R/S
analysis, the r/a = 0.48 data record was shuffled in time
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FIG. 5. Meanreduced rangeversussamplesizeat r/a =~ 0.29,
0.48, and 0.85 for the 1.1-1.2 s interval. The signal is digi-
tized at a 50 kHz sampling rate, so a 1 ms interval contains 50
samples. No averaging is done. The slopes of the fitted straight
lines give the values of H referred to in the text.

and reanalyzed. The resulting value of H is0.53, closeto
the expected value of 0.5.

Radial propagation.—The fundamental characteristic of
a single avalanche event is that it moves in the radial di-
rection. In order to verify this motion and to determine
quantitatively, but in an average sense, the radial speed of
the avalanches, the cross correlation between ECE chan-
nels at different radial locations is calculated. Figure 6
shows the pairwise cross correlation of each ECE channel
with a channel at r/a = 0.45, over a range of lag times
—5to +5 ms. The motion of the position of maximum
cross correlation to larger lag as one moves outward on
the profile indicates an outward propagation. Note that for
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FIG. 6. Contours of the cross correlation function between T,
for each ECE channel and the reference channel at r/a = 0.48.
The arrow indicates the propagation of the maximum cross
correlation.
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the region of large cross correlation shown here (roughly
1/3 = r/a = 2/3) the effective velocity (the velocity of
the peak of the cross correlation) is approximately constant
at ~100 m/s. A similar analysis using areference channel
near the plasma edge indicates that the effective velocity
inthat region (0.75 < r/a = 1) increasesto ~1000 m/s.

The observations summarized here present strong evi-
dence for the presence of avalanchelike eventsin the mag-
netically confined DII1-D tokamak plasma. Measurements
of low frequency T, fluctuations show intermittent, large
radial-scale events, with a 1/f spectrum, with strong evi-
dence from the R/S analysis of a high recurrence rate
for large events, and with clear demonstration of radial
propagation from the cross-correlation analysis.

Some other characteristics of these observations should
be noted. The apparent effective radial velocity is slow,
2 orders of magnitude below the sound speed. The velocity
varies from 0.1 to 1 times the diamagnetic velocity as the
observation point moves from the plasma core to the edge.
The toroidal and poloidal structure of these disturbances
is unknown. Electron heat transport along magnetic field
lines is fast enough in comparison with the duration of
the events seen here that there should be little variation
within amagnetic surface, but a direct comparison between
different fluctuation diagnostics is needed to confirm this.
The absence of variation within a flux surface means that
the plasma rotation, which isimportant in analysis of brief
events [6], is not a consideration here except, perhaps,
close to the plasma axis.

It should be noted that the behavior exemplified by
Fig. 2 iscommonly seen in DIII-D discharges, but in most
cases the added presence of much larger phenomena such
as Mirnov oscillations, sawteeth, or ELMs precludes fur-
ther analysis of the low-level fluctuation characteristics.

An important question yet to be resolved is the impor-
tance of these avalanche events in energy transport and
the overall power balance of the plasma. Even though the
rms T, fluctuation is small, the large Hurst parameter sug-
gests that a significant amount of energy is carried by the
largest events. To determine the average power carried in
these events, simultaneous and col ocated measurements of

density and temperature fluctuations are needed. Finaly,
better analysis techniques are needed in order to study
these phenomena in the presence of larger, but more co-
herent MHD fluctuations.
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