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2D turbulence imaging in DIII-D via beam emission spectroscopy
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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
X 6 cn? (radialx poloidal) 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. Z)01 American Institute of Physics.
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I. INTRODUCTION describe the BES experimental setup for 2D fluctuation mea-
surements, and 2D images of turbulence are presented in

Turbulence in a toroidally confined tokamak plasma iSsec, IiI. Details of the BD technique are introduced in Sec.

fundamentally two-dimensiondD) in nature. Hence, fully | and preliminary results are presented. Finally, Sec. V

2D measurements are needed for obtaining the reIean:tontainS some conclusions and prospects.

S(k, ,k,) wave number spectrum and a realistic representa-

tion of the turbulence structures for comparison to theory, to

provide time-averaged and possibly time-resolved visualiza-

tion of the turbulent eddy structures, obtain high spatial reso-

lution fluctuation velocity and velocity shear measurements), e BES DIAGNOSTIC SETUP EOR 2D

and ultimately characterize the turbulence growth and NONf I EASUREMENTS

linear energy transfer rates for more direct comparison to

nonlinear theory. The 2D measurements have been obtained

with Langmuir probes array in a relatively cold plasiia

DIlI-D, the beam emission spectroscopBES) diagnostic

The beam emission spectroscopy diagnostic installed on
DIlI-D measures the light emitted from an injected high-

allows for such measurements in hot plasmas, and provide%oWer o) peutral beam, and prowde; measure.ments of SPa‘
the first direct visualization of 2D turbulent structures. tially localized long wavelength density fluctuations. The di-

To advance beyond applications of conventional two-2gnostic has been described in detail elsewhened only
point spatial analysis and straightforward visualization of thedetails necessary for the understanding of the present work
turbulence, there is a need to define techniques to analysse given here. The BES system has 32 spatial channels
time- and space-resolved signals without involvement ofwhich can be deployed in both radial and poloidal directions.
long-time averages of moments of data. Usual spectral analyrhe 1 c¢cm radial and vertical resolution allows for observa-
sis techniques suffer from a lack of time and/or space resajon of long wavelength modes with wavenumbér
lution, an(_j the approach to fully 2D signal analysis remains<3 ¢y, which are typically associated with anomalous
undetermined. B _ transport in the edge and core plasma regions. The 2D mo-

The biorthogonal decomposition techniquBD) has torized fiber mounting array can be scanned radially to ob-

been suggested as a method allowing for a simultaneous . . .
. : : - serve different spatial regions of the plasma on a shot-to-shot
analysis of temporal and spatial dynamics of multi-

dimensional dat&.® It has been successfully applied to 1D basis. Finally, the signals are digitized at 1 MHz and the use

Langmuir probe data from the Axially Symmetric Divertor of cryogenically cooled amplifier circuits provides photon-

Experiment(ASDEX) and ADITYA tokamaks, as well on Noise-limited current detection.

2D simulated dati.By expanding the data into a set of For the measurements discussed here, spatial channels

modes that are orthogonal in time and in space, identificatioare arranged to image a@ cn¥(radialx poloida) region in

and extraction of coherent structures in the signal are posa plasma poloidal cross section, at a nominal 1 cm spatial

sible. Moreover, such a decomposition may aid the investiresolution and spatial separation. Data have been acquired

gation of nonlinear energy cascades between spatial modeguring L-mode plasmas in upper single null configuration
In the present article, we present 2D images of turbu{jon VB drift away from the X-point and the edge-imaged

lence in a tokamak plasma and extend the BD technique tfygion covers 0.8%2r/a<1 near the outer plasma midplane.
fully 2D time- and space-resolved experimental BES data.

The remainder of this article is as follows: in Sec. Il we
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The radial and poloidal cross-correlation lengths are of the
order of 2.5 and 3.35 cm, respectively, showing an asymme-

- try in the averaged eddy structure.

IV. SEARCH FOR COHERENT STRUCTURES IN 2D
. BES DATA

It is notable that the 2D images provide quantitative in-
DLET < ra formation on the turbulence only through conventional two-

v, i = 2 point correlation analysis. Higher-order analysis, such as

-- studies of nonlinear mode coupling in 2D d&tarovides
measurement of the coupling and power flow between dif-
ferent spatial wavelengths. To complement such analysis,
there is interest in exploring means of correlating spatial and
temporal properties of the turbulence, and search for long-
Il. VISUALIZATION OF DENSITY FLUCTUATION lived coherent structures.

STRUCTURES The conventional two-point time-averaged correlation

This 2D measurement configuration provides for the firstanaIySiS does not allpw the i_dentifigation of S_UCh long-lived
time a direct visualization of 2D structures in turbulence inCONerent structures in the signal, if they exist. In fact, the
the closed flux surfaces of a hot tokamak plasma. Three terT§_tat|st|cal properties mentioned above are averaged over the
poral frames of imaged density, separated byslin time, observedk-spectrum, so that they. could be related to the
are presented in Fig. 1. The data have been frequency filterddOSt Unstable mode or to the existence of coherent struc-
over the region of broadband fluctuations. To improve the!"®S:

visualization, the X 6 array of spatial grid points has been In contrast, the b?orthqgongl decomposition _tec_hnique
expanded to a 5060 array using a 2D spline fit, then lin- (BD) allows for such identification and characterization of

early interpolated to a 250300 pixel image, as presented. coherent str_uctures. This method ha_s been already_applied to
Large scale, transient, and coherent structdiesalized in 1D Langmuir probe measurements in the edge region of the

time and in spageare observed convecting upward throughA_SDEX alr_1d ADATYA t_oka_maksi. Bhasigally, .the BD fCh' |
the observation domain at several kilometers per second, {4due realizes the projection of the data in an orthogona

determined from time-delay correlation analysis. Long-lived aS||s in sfpa;]ce and t'mZ’ FhendprOV|ges the s;lrr;]ult?lneous
structures (persisting for several turbulent decorrelation @Malysis of the space and time dependencies of the fluctua-

times as well as cascadelike phenomenon from large tdion data. We extend here the method to the full 2D time-
small spatial scale are observed. Figure 2 illustrates the ZSnd space-res_olved BES. data as a first step in developing a
time-averaged turbulent flow-field plot inferred from theseMOre quantitative _analy5|s of 2D turbuler_lce data. .
analyzed data. The fluctuation group velocity decreases to- The BD technlqu_e approach can be illustrated consider-
wards the plasma edge, and reverses near the separaﬂrﬂgJ a 2D scalar spatio-temporal sigri(r, 6,t) measured at

(r/a=1). Spatial and temporal correlation analyses indicaté\lhdnc:;erent spatial Ioglatcqunsr(a) with M temporalhframﬁs.
that the typical fluctuation correlation times are 7—2d. | e dataare assembled intolin M arrayS(z,t) where the
columns contain the spatial information of the signal. Using

a singular value decomposition algorithm, the BD technique
expands the discrete dasg =S(Z;,t;) into a unique set of
modes that are orthogonal in time and in space so $)jat
=3MNM) Co(t)To(z) with the one-to-one correspondence
ST,=\,C,. Here,\,,, C,, and T, are, respectively, the
weight component, the temporal component, and the spatial
componenfto be reshaped so th@t(z) =T,(r, )] eigenso-
lutions of, respectively, the original data matx the two-
point temporal, and the two-point spatial cross-correlation
matrices.
The latter property is very important here. It means that
1 . the higher are the weight components, the stronger are the
. . . R : : time and/or space correlations. The components that are as-
0.86 0.88 0.90 0.92 0.94 0.968 0.98 1.00 sociated with large weights represent highly correlated struc-
r/a tures and reflect dominant features of the signal. Totally un-
correlated signals (like random noisg will lead to
FIG. 2. Flow-field plot of BES data during an L-mode upper single null components of equal weight.

plasma, the imaged plasma region being &:87<1. Group velocities are : : ; ;
inferred from two points cross-correlation analyses between two poloidal It is also worth noting that the BD technique is not

adjacent channels, the poloidal convection of the fluctuations supposedl?quivale_n_t to a Fourier analy_SiS Whe_re the basis functions are
being dominated by thEx B flow. prespecified. Here, the basis functions are calculated from

FIG. 1. (Color) Evolutions of 2D density fluctuation contours in an L-mode
plasma. The time delay between each frame jss1
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FIG. 3. Log distribution plot of the 30 weight componeits. The distri-
bution has been normalized to the valuexgf.

the data themselves. It turns out that this data-adaptive prop
erty of the BD technique allows us to directly isolate and
identify structuregpart of the signal that is correlated in time
and in spacgin the signal without any priori knowledge

plitude [a. u.]
o
o
o

about their shapes. Finally, the one-to-one correspondenc; -0.08] [

between the spatial and the temporal BD components guar 0 200 400 600 :80G; "1000

anties the signal to be fully reconstructed from its meE

Componemé' FIG. 4. The three first dominant biorthogonal mode$t: temporal compo-

Figure 3 illustrates the weight component distributionnent, right: spatial componenassociated to the BES dath ms i.e., 1000
for the analyzed data. The steepness of this distribution is affgmes analyzed Data have been splined and interpolated to improve the
indication of redundancy in the data, and just a few moded/sualization.
are necessary to describe the whole data set. Indeed, the first
14 modegassociated to the first fourteen largg)) represent V. DISCUSSION AND PROSPECTS
together over 90% of the signal power, and the break in the  The BES diagnostic on DIII-D provides 2D measure-
slope illustrates the transition to the noisy regime. ments of density fluctuations and the first visualization of

An example of the derived temporal and spatial compo+urbulent structures in a hot tokamak plasma. The biorthogo-
nents are represented in Fig. 4, showing the first three biomal decomposition technique has been extended to 2D ex-
thogonal temporal and spatial components associated witperimental fluctuation data, allowing for the simultaneous
the first three weight component&hich together represent analysis of the temporal and spatial dynamics. This tech-
over 50% of the signal powgrAs the mode number in- nhique appears to be a powerful tool to isolate and character-
creases, the mode spatial structure tends to oscillate and ti€ structures in the turbulent signal. The data set decompo-
associated temporal component exhibits a higher frequenc§ition in modes that are orthogonal in time and in space
distribution, the latter being ultimately increasingly affectedShould facilitate the investigation of nonlinear coupling and
by noise. Also, the shape of the spatial modes changes minf"€rgy transfer between modes. In fact, the BD technique
mally when applying the BD decomposition to different time provides crucial information about the coupling between the
windows. Moreover, the frequency power spectral density of
the temporal modes is narrow for the lower-order modes, 4 *

whereas the higher-order ones have a broader spectrun
Low-frequency components are associated with large struc
tures, whereas higher frequency components are associate
with smaller ones, consistent with the picture of eddies of
various sizes convecting in a flow field.
Finally, Fig. 5 illustrates the data after subtraction of the
first 14 dominant components. A comparison of Figs. 5 and 1 . .

clearly shows that the large structures have completely dis-
appeared, i.e., the dominant components capture the larg
structures in the signal. It stresses the ability of the method tc -

separate. different scaléspatlal or f[emporal lngtead of Just FIG. 5. (Color) Reconstruction of the BES data after subtraction of the first
frequencies or wavelengthas previously mentionel. 14 biorthogonal mode&ompare to Fig. 1L
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