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Observation of Coherent Sheared Turbulence Flows in the DIII-D Tokamak
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Time-resolved measurements of the turbulent density flow field in a tokamak plasma reveal low-
frequency (�15 KHz), coherent oscillations in the poloidal flow, ~vv�. These flow oscillations have a long
poloidal wavelength (m< 3) and narrow radial extent (kr�i � 0:2). The estimated flow-shearing rate is
of the same order of magnitude as the turbulence decorrelation rate and may thus regulate the
turbulence amplitude. These features are consistent with theoretically predicted axisymmetric, self-
regulating, sheared flows recognized as geodesic acoustic modes.
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calls for measurement of the flow velocity fluctuations as
a means of direct experimental observation. We report

measurements indicate that 50%–80% of the steady-state
poloidal flow obtained via TDE analysis can be attributed
Developing a predictive understanding of turbulence in
magnetically confined plasmas continues to be a primary
challenge in controlled thermonuclear fusion research.
Turbulence manifests itself as microscopic fluctuations
in plasma parameters such as density (~nn), temperature,
and electrostatic potential ( ~��), and it leads to anoma-
lously high levels of particle and energy leakage across
the confining magnetic fields.

Recent theoretical work indicates that turbulence in a
toroidal plasma may exist in a self-organized state medi-
ated by axisymmetric (n � 0), self-generated, fluctuat-
ing, m � 0 poloidal E� B flows [1–4]. These flows,
instances of which include low-frequency zonal flows
(!� 0), or the related higher-frequency geodesic acous-
tic modes (GAMs) (!� cs=R), are driven by fluctuations
in the plasma density, potential, and temperature. Zonal
flows are generated via the Reynolds stress, a coupling of
radial and poloidal velocity fluctuations [1], while GAMs
can be generated through a coupling of finite pressure
perturbations to the toroidal magnetic geometry [4].
These flows can regulate the microinstabilities in turn
through a flow shear stabilization mechanism, thereby
moderating the turbulence-induced transport [5].

Given the central role attributed to these self-
generated, sheared flows in establishing the steady state
of turbulence and the cross-field transport rates due to
this turbulence, there is considerable interest in observing
features of such flows in high temperature plasmas.
Experiments addressing this problem to date have exam-
ined features of the density turbulence or potential mea-
surements in the plasma edge and scrape-off region to
infer the presence of zonal flows or GAMs in tokamak
plasmas [6–9] and lower-temperature heliac plasmas [10].

Direct experimental evidence of self-regulating,
sheared flows and their generation mechanism requires
the measurement of the turbulent velocity fields or
electric potential [3]. They occur mainly in the poloidal
E�B flow and are generally expected to be manifested
less strongly in the density field (i.e., ~nn=n < ~��=�). This
0031-9007=02=89(26)=265003(4)$20.00
here the first direct evidence of sheared flow character-
istics in the poloidal flow field of the density turbulence
~vv� in the confined region of high temperature plasmas
with fully developed turbulence.

In this work, measurements of poloidal flow-field fluc-
tuations are derived from time-delay-estimation analysis
of local density turbulence. Density turbulence is mea-
sured in the DIII-D tokamak using beam emission spec-
troscopy (BES) [11]. BES was developed to measure
localized, long-wavelength (kr�i < 1, where �i is the
ion gyroradius) density fluctuations in high temperature
tokamak plasmas through collisionally induced neutral
beam fluorescence [12]. For this experiment, BES is
deployed on DIII-D to measure density fluctuations at
32 spatial locations on a 5 by 6 cm grid in the outer
midplane (0:85 � r=a � 1) of the poloidal cross section
of the plasma [13].

This local ~nn�R; z; t� data is used to extract local veloc-
ity fluctuations through time-delay-estimation (TDE)
analysis, which derives a time-varying delay between
two spatially separated channels [14,15]. Measurement
of given density fluctuation eddy displacement, via time
delays short compared to the density fluctuation decorre-
lation time ( � 6–9 �s), then gives the time-dependent
density fluctuation eddy velocity directly. In effect, TDE
analysis is used to map the movement of particular tur-
bulent density fluctuation structures between two obser-
vation points on turbulence-relevant time scales. The
extraction of the time-varying time delay between two
measurements of density fluctuations separated in the
poloidal direction then gives measurements of ~vv�. This
work demonstrates the first application of this analysis
technique to density fluctuation data in tokamak plasmas.

The measured ~vv��t� is essentially the group velocity
of the turbulence in the laboratory frame, and it is
comprised of a superposition of steady-state and time-
dependent Er � BT flows, plus any intrinsic mode veloc-
ity in the plasma frame. Comparisons with the E�B
velocity inferred from charge exchange recombination
 2002 The American Physical Society 265003-1
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FIG. 1. Edge profiles of (a) electron density and (b) electron
and ion temperatures.

TABLE I. Dimensionless parameters in the experimentally
observed region.

r=a � 0:85 r=a � 0:90 r=a � 0:95

#� 0.5 0.7 1.6
�� �10�3� 1.4 1.2 0.9
Te=Ti 0.8 0.7 0.5
$i 1.4 1.3 1.1
q 3.4 4.0 4.8
ŝs 3.0 4.7 7.5
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FIG. 2. Coherency spectra between adjacent spatial channels
(�z � 1:1 cm) for (a) density and (b) poloidal velocity
fluctuations.
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to local E�B movement. Thus, the measured ~vv��t�
should manifest any contributions from a time-varying
E�B flow, such as that resulting from a zonal flow. Note
that the measured eddy flow field in the poloidal direction
is not necessarily equal to the bulk mass flow of the
plasma.

Application of this technique to discern the underlying
turbulence flow field requires that the turbulence eddy
structures being tracked persist on a time scale longer
than the interchannel transit time. This condition is sat-
isfied for the measurements presented here. The equilib-
rium flows are about 4–5 km=s, resulting in a 2–2:5 �s
average transit time �d across the 1 cm channel separation
in the poloidal direction. The eddy decorrelation times are
approximately �c � 6–9 �s, so that �c > �d. The density
eddies thus effectively function as test particles to map
the turbulence flow field. Furthermore, the poloidal cor-
relation length of the density fluctuation turbulence is
about 3 cm under these conditions, so that the eddy
structure is well resolved with the 1 cm spatial resolution
and channel spacing of the BES optical system.

Two time-varying TDE techniques are employed to
measure the movement of turbulent structures between
spatially separated sample points in the plasma. The first
uses a time-shifted maximum overlap method, whereby a
minimum difference between signals is calculated by
appropriately shifting one signal in time with respect to
the other [14]. The second employs a wavelet-based time-
resolved correlation analysis, which was developed for
the present application [15]. Improved noise character-
istics are obtained at low frequency using the shift-
overlap TDE method, while the wavelet approach
provides wider frequency response. Both techniques yield
equivalent results for the features discussed here.

TDE analysis has been applied to local density fluctua-
tion measurements on the DIII-D tokamak. L-mode plas-
mas (R � 1:73 m, a � 0:6 m, � � 1:8, BT � �2:0 T,
Ip � 1:2 MA, Pinj � 5 MW, ne � 3 � 1019 m�3, kTi;0 �
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4 keV, q95 � 4:8) were used in this first study, and the
~nn�R; z; t� measurements were made in the outer plasma
region to maximize the signal to noise in extracted ~vv�.
Profiles of basic plasma parameters are shown in Fig. 1,
showing moderate to strong density and temperature gra-
dients in this outer region of the plasma. Table I lists
several relevant dimensionless parameters evaluated lo-
cally at r=a � 0:85, 0.9, and 0.95.

Figure 2 shows examples of the coherency, or normal-
ized cross power, spectra for density fluctuations and ~vv�
obtained between poloidally adjacent spatial volumes
near the plasma edge region. The coherency is plotted
here to emphasize the low-frequency coherent flow fea-
tures. Since adjacent points in space are well within the
turbulence correlation lengths, these coherency spectra
show the regions of correlated turbulence power with the
contributions from incoherent detector and amplifier
noise suppressed.

Figure 2 shows that the density and velocity coherency
spectra exist over a similar frequency range but are quite
distinct from each other, and, in particular, a distinct,
low-frequency feature is found only in the ~vv� spectrum.
The density fluctuation and ~vv� fields are found to be
uncorrelated [i.e., h~nn�f�~vv��f�i � 0] for all frequencies
even though the velocities are extracted from analysis of
the density fluctuation measurements. This is also evident
265003-2
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from time evolution waveforms in the sense that the ~nn�t�
and ~vv��t� are dissimilar. The density fluctuation coher-
ency spectrum shows a monotonic decay over a wide
frequency range, which is typically found in the outer
regions of the confined plasma. In contrast, the ~vv� spec-
trum shows a distinct peaked feature at 15 kHz and a
broadband component extending to f � 250 kHz.

The semicoherent low-frequency feature in the ~vv�
spectrum is noteworthy in that it suggests a long-lived,
nearly coherent poloidal flow oscillation. A small but
finite (~nn=n � 0:2% � ~vv�=v�;eq � 10%) density fluctua-
tion component associated with the 15 kHz feature is
observed at r=a � 0:8–0:85. This density fluctuation
component is not observed further out radially (0:87 <
r=a < 1:0), as seen in Fig. 2(a). The coherent feature near
15 kHz is visible in the outer plasma region, r=a � 0:85
to 0.96, where relatively steep gradients occur. The inner-
most limit for detection of this feature is set by the noise
level in the density fluctuation signals and the resulting
propagation of noise through the TDE analysis.

We note that this 15 kHz feature is not related to any
magnetohydrodynamic (MHD) activity. There is very
little MHD behavior in these discharges, and none with
the frequency and temporal behavior of the observed
turbulence poloidal flow fluctuation.

Comparison of the ~vv� coherency spectra at increasing
poloidal separation at r=a � 0:89, shown in Fig. 3, in-
dicates that the distinctive low-frequency structure has a
long correlation length in the poloidal direction, much
greater than that of the density fluctuations. Also, the ~vv�
amplitude is found to be essentially constant over 4 cm,
the maximum range allowed by the viewing geometry.

The higher-frequency broadband turbulence observed
at �z � 1:1 cm (Fig. 3) indicates the presence of local-
ized, broadband turbulence in the ~vv� field. This 20–
250 kHz broadband ~vv� component is observed to have a
poloidal correlation length <2 cm, indicating a short
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FIG. 3. Coherency spectra in ~vv� for increasing poloidal sepa-
ration between sampled volumes at r=a � 0:9.
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wavelength broadband structure, similar to that found
in density fluctuations, and superimposed on the 15 kHz
feature.

Figure 4 shows the cross phase between measurements
of ~vv� for poloidal separations up to 4.4 cm. The cross
phase is <0:1 rad over this range, and a linear fit to these
values indicates a poloidal mode number of m< 3 under
the assumption of a poloidally uniform perturbation of
the form ~vv � ~vv0 sin�m��.

Differences between the low-frequency peak in ~vv� and
the density fluctuation field ~nn in the same frequency range
become evident in a comparison of their spatial and
temporal correlation properties. The lifetime of the
10–20 kHz feature in ~vv� is �200 �s as estimated
from the frequency width of the peak. In contrast, the
decorrelation time of the corresponding 10–20 kHz re-
gion in density fluctuations at r=a � 0:90 is 18 �s as
measured by the temporal decay of the peak correlation
envelope function with channel separation [12]. It is
�10 �s for the entire frequency range. Both measures
are much shorter than that of the coherent poloidal flow
feature.

The spatial correlation coefficients at zero time delay
are shown in Fig. 5(a) for both the density and poloidal
velocity fluctuations over the 10–20 kHz frequency range
and for a poloidal viewing array of six points spanning
�z � 0 to 5.6 cm at r=a � 0:91. The spatial correlation
function for ~vv� reveals a long, nondecaying spatial struc-
ture in the poloidal direction due to the semicoherent
15 kHz structure. This is in sharp contrast to the density
fluctuation correlation function, which exhibits a typical
decaying wavelike structure [12] with an overall corre-
lation length of Lc;n � 3 cm for the same frequency range
and �2:2 cm over the entire spectrum.

Radial correlations of ~vv��f� are obtained by measuring
the poloidal velocity fluctuations as a function of
radius. The resulting radial correlation function of ~vv�
at zero time delay is shown in Fig. 5(b). In contrast
to the long correlation length in the poloidal direction,
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FIG. 4. Phase shift of the semicoherent 15 kHz ~vv� feature as
a function of poloidal separation in the range 0:86 � r=a �
0:95. Lines indicate m � 
2 for reference.
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the radial correlation length of ~vv� is relatively short,
Lc;v�

� 3:3 cm. This is comparable to the Lc;~nn � 2:3 cm
radial correlation length of the density fluctuation field
over 10–20 kHz. The density spatial structure decays
mostly monotonically, while the poloidal velocity fluc-
tuation exhibits a stronger wavelike structure, possibly
with a long tail, as seen in Fig. 5(b). The radial correlation
length of ~vv� gives kr�i � 2%�i=Lc;v�

� 0:2.
The instantaneous poloidal flow rms amplitude, nor-

malized to the ion thermal velocity (vti � 180 km=s) is
~vv�=vti � 0:5%, or ~vv�=veq � 10%, at r=a � 0:91 for the
semicoherent feature in the 10–20 kHz region. For com-
parison, the frequency-integrated (3–300 kHz) normal-
ized density fluctuation is ~nn=n� 5%.

The rms magnitude of the coherent poloidal flow os-
cillation can be used to infer a turbulence shearing rate
due to this poloidal flow structure. Taking the shearing
rate to be approximately !s � d~vv=dr � ~vv�=Lr, where Lr
is the radial correlation length of the ~vv� field, we find
!s � 5 � 104 s�1. This is comparable to the inverse of
the density turbulence decorrelation time, &� 12 �
104 s�1, which to some degree can be taken as an esti-
mate of the growth rate. The estimated shearing and
growth rates are thus comparable, suggesting that the
observed flows are of sufficient amplitude to alter the
magnitude of the turbulence and thereby the resulting
transport.

Finally, we note that the semicoherent velocity feature
is observed reproducibly as a robust feature of the near-
edge turbulence over a range of L-mode plasma condi-
tions. The specific data shown here were obtained from
two representative L-mode discharges.

Nonlinear turbulence simulations [3,4] have identified
distinguishing features of zonal flows and GAMs which
are similar to the observations reported herein. The sim-
ulations indicate that these self-generated, m � 0,
sheared flows are radially localized (kr�i � 0:1–0:6),
and it is just this radially localized poloidal flow that
can shear eddies and thereby mediate the turbulence
magnitude.

Specifically, simulations of ion-temperature-gradient
driven turbulence in the edge to core transitional region
[4] using a 3D Braginskii model predict poloidal flow
features similar to those observed here. The model ex-
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hibits a nearly coherent E� B flow in spatial locations
and at plasma parameters similar to those examined for
this experimental study. The poloidal flows observed in
this model are the geodesic acoustic modes, which here
are oscillations resulting from poloidal rotation coupling
to an �m; n� � �1; 0� pressure perturbation by an inhomo-
geneous magnetic field. The small density perturbation
observed at r=a < 0:87 might be explained by the cou-
pling of a GAM E� B flow oscillation to a pressure (and
therefore density) perturbation. GAMs exhibit a semi-
coherent temporal behavior (spectral width 5% of the
eigenfrequency) and are radially localized. Of particular
note is that the frequency of such a mode is predicted to be
f�!=2%� vTi

=2%R� 13 KHz for this region of the
plasma (with Ti � 250 eV near r=a � 0:9). This is very
close to the experimentally observed mode frequency of
about 15 KHz. As such, the GAM frequency, !GAM �
!turbulence, is sufficiently low to mediate transport [3,4].
The predicted frequency is dependent on modification
factors of order unity that depend on magnetic geometry
and electron to ion temperature ratio.

The features of the observed ~vv� turbulence flow field
are thus consistent with the theoretical picture of long-
wavelength, radially localized shear flows and show par-
ticularly significant agreement with predictions for
GAMs. These features include its frequency, spatial struc-
ture, and radial localization.
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