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2D turbulence imaging in DIII-D via beam emission spectroscopy
C. Fenzi, R. J. Fonck, M. Jakubowski, and G. R. Mc Kee
University of Wisconsin, Madison, Wisconsin 53706

~Presented on 21 June 2000!

Two-dimensional measurements of density fluctuations have been performed in DIII-D using the
beam emission spectroscopy diagnostic. The 32 spatial channels are arranged to image a 5
36 cm2 (radial3poloidal) region in the plasma cross section, at a nominal 1 cm spatial resolution
and separation. The typical decorrelation time, poloidal and radial correlation lengths, as well as a
time-averaged flow field plot are obtained from spatial and temporal correlation analyses. A
biorthogonal decomposition algorithm is applied to expand the data set into a set of modes that are
orthogonal in time and in space, thus providing a simultaneous analysis of the space and time
dependencies of fluctuation data. ©2001 American Institute of Physics.
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I. INTRODUCTION

Turbulence in a toroidally confined tokamak plasma
fundamentally two-dimensional~2D! in nature. Hence, fully
2D measurements are needed for obtaining the rele
S(kr ,ku) wave number spectrum and a realistic represe
tion of the turbulence structures for comparison to theory
provide time-averaged and possibly time-resolved visual
tion of the turbulent eddy structures, obtain high spatial re
lution fluctuation velocity and velocity shear measuremen
and ultimately characterize the turbulence growth and n
linear energy transfer rates for more direct comparison
nonlinear theory. The 2D measurements have been obta
with Langmuir probes array in a relatively cold plasma.1 In
DIII-D, the beam emission spectroscopy~BES! diagnostic
allows for such measurements in hot plasmas, and prov
the first direct visualization of 2D turbulent structures.

To advance beyond applications of conventional tw
point spatial analysis and straightforward visualization of
turbulence, there is a need to define techniques to ana
time- and space-resolved signals without involvement
long-time averages of moments of data. Usual spectral an
sis techniques suffer from a lack of time and/or space re
lution, and the approach to fully 2D signal analysis rema
undetermined.

The biorthogonal decomposition technique~BD! has
been suggested as a method allowing for a simultane
analysis of temporal and spatial dynamics of mu
dimensional data.2–5 It has been successfully applied to 1
Langmuir probe data from the Axially Symmetric Diverto
Experiment~ASDEX! and ADITYA tokamaks, as well on
2D simulated data.6 By expanding the data into a set o
modes that are orthogonal in time and in space, identifica
and extraction of coherent structures in the signal are p
sible. Moreover, such a decomposition may aid the inve
gation of nonlinear energy cascades between spatial mo

In the present article, we present 2D images of tur
lence in a tokamak plasma and extend the BD techniqu
fully 2D time- and space-resolved experimental BES da
The remainder of this article is as follows: in Sec. II w
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describe the BES experimental setup for 2D fluctuation m
surements, and 2D images of turbulence are presente
Sec. III. Details of the BD technique are introduced in S
IV, and preliminary results are presented. Finally, Sec.
contains some conclusions and prospects.

II. THE BES DIAGNOSTIC SETUP FOR 2D
MEASUREMENTS

The beam emission spectroscopy diagnostic installed
DIII-D measures the light emitted from an injected hig
power D0 neutral beam, and provides measurements of s
tially localized long wavelength density fluctuations. The d
agnostic has been described in detail elsewhere,7 and only
details necessary for the understanding of the present w
are given here. The BES system has 32 spatial chan
which can be deployed in both radial and poloidal directio
The 1 cm radial and vertical resolution allows for observ
tion of long wavelength modes with wavenumberk
,3 cm21, which are typically associated with anomalo
transport in the edge and core plasma regions. The 2D
torized fiber mounting array can be scanned radially to
serve different spatial regions of the plasma on a shot-to-s
basis. Finally, the signals are digitized at 1 MHz and the
of cryogenically cooled amplifier circuits provides photo
noise-limited current detection.

For the measurements discussed here, spatial chan
are arranged to image a 536 cm2~radial3poloidal! region in
a plasma poloidal cross section, at a nominal 1 cm spa
resolution and spatial separation. Data have been acqu
during L-mode plasmas in upper single null configurati
~ion ¹B drift away from the X-point! and the edge-imaged
region covers 0.87<r /a<1 near the outer plasma midplan
© 2001 American Institute of Physics
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III. VISUALIZATION OF DENSITY FLUCTUATION
STRUCTURES

This 2D measurement configuration provides for the fi
time a direct visualization of 2D structures in turbulence
the closed flux surfaces of a hot tokamak plasma. Three t
poral frames of imaged density, separated by 1ms in time,
are presented in Fig. 1. The data have been frequency filt
over the region of broadband fluctuations. To improve
visualization, the 536 array of spatial grid points has bee
expanded to a 50360 array using a 2D spline fit, then lin
early interpolated to a 2503300 pixel image, as presente
Large scale, transient, and coherent structures~localized in
time and in space! are observed convecting upward throu
the observation domain at several kilometers per second
determined from time-delay correlation analysis. Long-liv
structures ~persisting for several turbulent decorrelatio
times! as well as cascadelike phenomenon from large
small spatial scale are observed. Figure 2 illustrates the
time-averaged turbulent flow-field plot inferred from the
analyzed data. The fluctuation group velocity decreases
wards the plasma edge, and reverses near the sepa
(r /a51). Spatial and temporal correlation analyses indic
that the typical fluctuation correlation times are 7–24ms.

FIG. 1. ~Color! Evolutions of 2D density fluctuation contours in an L-mod
plasma. The time delay between each frame is 1ms.

FIG. 2. Flow-field plot of BES data during an L-mode upper single n
plasma, the imaged plasma region being 0.87,r /a,1. Group velocities are
inferred from two points cross-correlation analyses between two polo
adjacent channels, the poloidal convection of the fluctuations suppos
being dominated by theE3B flow.
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The radial and poloidal cross-correlation lengths are of
order of 2.5 and 3.35 cm, respectively, showing an asym
try in the averaged eddy structure.

IV. SEARCH FOR COHERENT STRUCTURES IN 2D
BES DATA

It is notable that the 2D images provide quantitative
formation on the turbulence only through conventional tw
point correlation analysis. Higher-order analysis, such
studies of nonlinear mode coupling in 2D data,8 provides
measurement of the coupling and power flow between
ferent spatial wavelengths. To complement such analy
there is interest in exploring means of correlating spatial a
temporal properties of the turbulence, and search for lo
lived coherent structures.

The conventional two-point time-averaged correlati
analysis does not allow the identification of such long-liv
coherent structures in the signal, if they exist. In fact, t
statistical properties mentioned above are averaged ove
observedk-spectrum, so that they could be related to t
most unstable mode or to the existence of coherent st
tures.

In contrast, the biorthogonal decomposition techniq
~BD! allows for such identification and characterization
coherent structures. This method has been already applie
1D Langmuir probe measurements in the edge region of
ASDEX and ADITYA tokamaks.6 Basically, the BD tech-
nique realizes the projection of the data in an orthogo
basis in space and time, then provides the simultane
analysis of the space and time dependencies of the fluc
tion data. We extend here the method to the full 2D tim
and space-resolved BES data as a first step in developi
more quantitative analysis of 2D turbulence data.

The BD technique approach can be illustrated consid
ing a 2D scalar spatio-temporal signalS(r ,u,t) measured at
N different spatial locations (r ,u) with M temporal frames.
The data are assembled into anN3M arrayS(z,t) where the
columns contain the spatial information of the signal. Usi
a singular value decomposition algorithm, the BD techniq
expands the discrete dataSi j 5S(Zj ,t i) into a unique set of
modes that are orthogonal in time and in space so thatSi j

5(n51
min(N,M)lnCn(ti)Tn(zj) with the one-to-one correspondenc

STn5lnCn . Here, ln , Cn , and Tn are, respectively, the
weight component, the temporal component, and the sp
component@to be reshaped so thatTn(z)5Tn(r ,u)# eigenso-
lutions of, respectively, the original data matrixS, the two-
point temporal, and the two-point spatial cross-correlat
matrices.

The latter property is very important here. It means th
the higher are the weight components, the stronger are
time and/or space correlations. The components that are
sociated with large weights represent highly correlated str
tures and reflect dominant features of the signal. Totally
correlated signals ~like random noise! will lead to
components of equal weight.

It is also worth noting that the BD technique is n
equivalent to a Fourier analysis where the basis functions
prespecified. Here, the basis functions are calculated f
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990 Rev. Sci. Instrum., Vol. 72, No. 1, January 2001 Fenzi et al.
the data themselves. It turns out that this data-adaptive p
erty of the BD technique allows us to directly isolate a
identify structures~part of the signal that is correlated in tim
and in space! in the signal without anya priori knowledge
about their shapes. Finally, the one-to-one corresponde
between the spatial and the temporal BD components g
anties the signal to be fully reconstructed from
components.4

Figure 3 illustrates the weight component distributi
for the analyzed data. The steepness of this distribution i
indication of redundancy in the data, and just a few mo
are necessary to describe the whole data set. Indeed, the
14 modes~associated to the first fourteen largerln! represent
together over 90% of the signal power, and the break in
slope illustrates the transition to the noisy regime.

An example of the derived temporal and spatial com
nents are represented in Fig. 4, showing the first three b
thogonal temporal and spatial components associated
the first three weight components~which together represen
over 50% of the signal power!. As the mode number in
creases, the mode spatial structure tends to oscillate an
associated temporal component exhibits a higher freque
distribution, the latter being ultimately increasingly affect
by noise. Also, the shape of the spatial modes changes m
mally when applying the BD decomposition to different tim
windows. Moreover, the frequency power spectral density
the temporal modes is narrow for the lower-order mod
whereas the higher-order ones have a broader spect
Low-frequency components are associated with large st
tures, whereas higher frequency components are assoc
with smaller ones, consistent with the picture of eddies
various sizes convecting in a flow field.

Finally, Fig. 5 illustrates the data after subtraction of t
first 14 dominant components. A comparison of Figs. 5 an
clearly shows that the large structures have completely
appeared, i.e., the dominant components capture the l
structures in the signal. It stresses the ability of the metho
separate different scales~spatial or temporal instead of jus
frequencies or wavelengths! as previously mentioned.6

FIG. 3. Log distribution plot of the 30 weight componentsln . The distri-
bution has been normalized to the value ofl1 .
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V. DISCUSSION AND PROSPECTS

The BES diagnostic on DIII-D provides 2D measur
ments of density fluctuations and the first visualization
turbulent structures in a hot tokamak plasma. The biortho
nal decomposition technique has been extended to 2D
perimental fluctuation data, allowing for the simultaneo
analysis of the temporal and spatial dynamics. This te
nique appears to be a powerful tool to isolate and charac
ize structures in the turbulent signal. The data set decom
sition in modes that are orthogonal in time and in spa
should facilitate the investigation of nonlinear coupling a
energy transfer between modes. In fact, the BD techni
provides crucial information about the coupling between

FIG. 4. The three first dominant biorthogonal modes~left: temporal compo-
nent, right: spatial component! associated to the BES data~1 ms i.e., 1000
frames analyzed!. Data have been splined and interpolated to improve
visualization.

FIG. 5. ~Color! Reconstruction of the BES data after subtraction of the fi
14 biorthogonal modes~compare to Fig. 1!.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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spatial and temporal mode behavior. That is complemen
to a nonlinear analysis which estimates energy transfer
tween spatial modes. In complement to the BD analysi
nonlinear algorithm involving the bispectral analys
technique8,9 is being adapted to 2D BES data in order
determine linear growth/damping rate, nonlinear coupl
between turbulent modes in the plasma as well as nonlin
energy transfer rate between modes.
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