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Turbulence imaging and applications using beam emission spectroscopy
on DIII-D „invited …

G. R. McKee,a) C. Fenzi,b) R. J. Fonck, and M. Jakubowski
University of Wisconsin-Madison, 1500 Engineering Drive, Madison, Wisconsin 53706

~Presented on 10 July 2002!

Two-dimensional measurements of density fluctuations are obtained in the radial and poloidal plane
of the DIII-D tokamak with the Beam Emission Spectroscopy~BES! diagnostic system. The goals
are to visualize the spatial structure and time evolution of turbulent eddies, as well as to obtain the
2D statistical properties of turbulence. The measurements are obtained with an array of localized
BES spatial channels configured to image a midplane region of the plasma. 32 channels have been
deployed, each with a spatial resolution of about 1 cm in the radial and poloidal directions, thus
providing measurements of turbulence in the wave number range 0,k'<3 cm21. A 5 (radial)
36 (poloidal) channel grid provides time-resolved images near the outer midplane at the sampling
frequency of 1 MHz, thus providing a modest spatial resolution, high throughput, high time
resolution turbulence imaging system. The images and resulting movies have broad application to
a wide variety of fundamental turbulence studies: imaging of the highly complex, nonlinear
turbulent eddy interactions, measurement of the 2D correlation function, andS(kr ,ku) wave number
spectra, and direct measurement of the equilibrium and time-dependent turbulence flow field.
The time-dependent, two-dimensional turbulence velocity flow-field is obtained with
time-delay-estimation techniques. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1535248#
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I. INTRODUCTION

Measurements of fluctuations of key plasma parame
~e.g., density, temperature, potential! are essential to charac
terizing and more thoroughly understanding plasma tur
lence and its associated anomalous transport, one of the
tral outstanding scientific issues in the fusion ene
sciences. Turbulence arises from microinstabilities driven
density and temperature gradients inherent to magnetic
confined plasmas.1 This turbulence is believed to be large
responsible for the high levels of cross-field radial transp
of particles, energy and momentum observed in tokamak
other magnetic plasma configurations. As such, it is esse
to obtain turbulence measurements to characterize, un
stand and mitigate this largely undesired turbulent transp
and ultimately to be able to predict the magnitude of su
turbulent transport in future experimental fusion devices.

Turbulence in magnetically confined tokamak plasma
a highly nonlinear and essentially two-dimensional pheno
enon. It is manifest locally as fluctuations in such plas
parameters as density, temperature, electrostatic pote
magnetic field, and velocity. The confining magnetic fie
defines the relevant directions, and turbulent eddies are e
gated along the confining magnetic field with correlati
lengths in this toroidal direction comparable to the dev
scale~;1 m!, while correlation lengths perpendicular to th
magnetic field are typically of order 5–10 ion gyroradii~;1
cm!. As such, it is critical to obtain two-dimensional me
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surements of relevant fluctuating quantities perpendicula
the magnetic field. Most fluctuation measurements have
cussed on zero and one-dimensional measurements as
sult of the diagnostic systems or measurement techniq
While such measurements have proven very valuable at c
acterizing turbulence in a wide variety of experimental d
vices and operational regimes, to make the next step to
agnosing the highly nonlinear properties of turbulence2,3 and
rigorously comparing measurements to simulations and c
lenging models for turbulent transport, it has been rec
nized that two-dimensional fluctuation measurements will
an essential element of advancing turbulence physics.

Two-dimensional measurements of density fluctuatio
have broad application to a number of critical outstand
issues in turbulence research. These include direct visua
tion or imaging of turbulent eddy structures, measuremen
the temporal dynamics of such eddies, radial shear in
poloidal velocity flow, equilibrium, and time-varying turbu
lent velocity dynamics, 2D correlation function andS(kr ,ku)
wave number spectrum, and ultimately to quantify turb
lence growth rates and energy cascades within the turbu
wave number spectrum. One pertinent example is the se
for zonal flow signatures4 in the turbulence flow field. Such
measurements require 2D fluctuation measurements to ob
the time-dependent and radially varying turbulence flo
field.

To obtain two-dimensional measurements of dens
fluctuations in the confined regions of hot plasmas, the Be
Emission Spectroscopy~BES! diagnostic system on the
DIII-D tokamak ~Ref. 13! has been deployed to obtain me
surements in the radial and poloidal plane.5 These measure

o,
4 © 2003 American Institute of Physics
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2015Rev. Sci. Instrum., Vol. 74, No. 3, March 2003 Plasma diagnostics
ments have provided modest-spatial-resolution images o
kamak turbulence and been used to study turbulence
and flow shear dynamics.6 These measurements will be di
cussed in detail. In parallel, new analysis techniques are
ing developed to more effectively exploit these new 2D m
surements.

This paper will discuss the diagnostic system, examp
of turbulence imaging measurements, and progress on de
opment of new analysis techniques. We note that tw
dimensional turbulence images have been obtained in r
tively cold plasmas using Langmuir probe arrays,7 and a gas
puff imaging system has been recently developed to im
light emission from edge/scrape-off layer turbulence
C-MOD and NSPX.8

II. THE BES TURBULENCE IMAGING DIAGNOSTIC
SYSTEM

The BES diagnostic system measures local, lo
wavelength (k'r I,1) density fluctuations by observing th
fluorescence of a heating neutral beam.9,10 A DIII-D deute-
rium neutral beam, injected tangentially at;75 keV to heat,
fuel, and rotate the plasma, is collisionally excited via int
actions with plasma electrons and ions. BES measures
sity fluctuations by observing the Doppler-shiftedDa emis-
sion (n53 – 2,l'653– 655 nm). Fluctuations in the ligh
emission intensity are proportional to the local density flu
tuations,ñ/n5C( Ĩ /I ), with a proportionality factor,C, that
depends on local plasma density, temperature, beam en
andZeff . For typical DIII-D plasma parameters,C'2 – 3.11

The optical viewing sightlines are deployed so that th
are nearly tangent to a magnetic flux surface at the inter
tion point with the neutral beam volume to achieve go
radial and poloidal resolution. Furthermore, the sightlines
angled by about 5° to horizonal to approximately match
local magnetic field pitch angle since turbulent structures
expected to be aligned with a magnetic field line. The m
surement technique is spatially-integrated whereby each
tial channel images a sampling volume defined by the in
section of the optical sightline and neutral beam. Ea
volume has an approximately 1 cm diam region in the rad
and poloidal cross section, and is extended about 12 cm
the toroidal direction. This allows for a sensitivity to fluctu
tions in the rangekr , ku,3 cm21, encompassing the rang
where long-wavelength turbulence associated with such
stabilities as ion temperature gradient and trapped-elec
modes are predicted to exist.

The BES system at DIII-D~Ref. 12! consists of 32 spa
tial channels. A high throughput optical system images li
onto discrete fiber optic bundles. Light is collected with
f 540 cm, f /2, objective lens that focusses light onto
bundle of 4 1-mm PCS silica fibers (N.A.50.25) arranged in
a square configuration. The fiber bundles efficiently relay
light to remotely located spectrometers. Each spectrom
consists of anf /2 collimating lens, aDl'3 nm interference
filter and an asphericf /1 lens to image the light onto a pho
todiode detector. Photodiode detectors and preampl
electronics14 are cryogenically cooled to reduce dark curre
and electronic noise. Signals are passed through antialia
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circuits ~cutoff at f '450 kHz) and digitized at 1 MHz typi-
cally with a 0.5 s time record.

III. TURBULENCE IMAGES AND MOVIES

For imaging applications, the 32 spatial channels are
ployed in a rectangular grid. A flexible mounting array a
lows for deployment in a variety of 2D configurations.
typical channel deployment would consist of a grid with
channels radially by 6 poloidally (536). Each channel is
separated by about 1 cm in the radial and poloidal directi
thus covering a 536 cm region in the plasma. Alternativ
deployments might include 438 or 635 arrangement. Non-
rectangular arrangements are routinely deployed for spe
experiments where additional radial or poloidal covera
may be needed. A typical channel arrangement is show
Fig. 1 overlaid with a magnetic equilibrium reconstructio
The channels are shown with their relative sizes in the ra
and poloidal plane with the shading qualitatively represe
ing the magnitude of the spatial transfer function in the
dimensions. The fiber mounting array can be radia
scanned on a shot-to-shot basis with a remotely contro
motorized scanner.

The BES system deployed in this fashion provides
measurements of density fluctuations and so can be con
ered a modest spatial resolution, very high throughput, h
sensitivity, high time resolution imaging system. Measu
ments can be ensemble averaged in time to assess the
tral properties of the turbulence~power spectra, radial and
poloidal correlations, wave number spectra, etc.!. Time-
resolved measurements of turbulence can be obtained w
the turbulence is of sufficient amplitude so that the instan
neous density fluctuation signals exceed the inherent ph
noise and electronic noise in the detector system. Thi
typically achieved when the normalized rms density fluctu
tions, ñ/n, are greater than roughly 5%. This is often t

FIG. 1. BES channel arrangement for an imaging application. 30 disc
channels are deployed in a 5 (radial)36 (poloidal) arrangement on the oute
radial midplane.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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case in the outer regions ofL-mode plasmas,r.0.85 ~r is
the normalized toroidal flux radial coordinate!. Figure 2
shows an example time series of fluctuation data at po
dally displaced channels demonstrating the high cohere
of the signals and the few microsecond temporal offset
sulting from poloidal advection of the turbulent eddies.

Movies of turbulence are assembled from the discr
spatial measurements through straightforward image
cessing methods. The time signals from individual spa
channels are first frequency-filtered over the spectral ra
where the broadband turbulence is observed, typic
2 kHz, f ,200 kHz for the outer regions of the plasma d
cussed here. This removes excess photon and elect
noise at higher frequencies and beam power supply osc
tions at very low frequencies. For each time point, the d
crete signals are assembled into the 2D grid and then fi
with a two-dimensional spline calculated as a minimum c
vature surface. For a typical deployment, 30 channels
arranged in a 5 radial36 poloidal grid and the 2D spline
yields a 50360 pixel smoothed surface. This data is th
linearly interpolated to the desired image size, e.g., 2
3350 pixels. The images are displayed with a false-co
mapping. Contour mapping is utilized to visually facilitate
more quantitative interpretation of the images and movies
set of frames from an example turbulence movie is show
Figs. 3~a!–3~f!. Here each image is separated in time by
ms.

Individual images or frames of density fluctuations a
helpful for visualizing the size and shape of turbulent ed
structures, but the scientific value is greatly enhanced via
long time sequence of such images, assembled into mo
The temporal dynamics elucidate the complex and hig
nonlinear interactions of the turbulent eddies and their
havior on the confined and open magnetic flux surfaces.

FIG. 2. Time-series fluctuation data acquired at 1 MHz near outer regio
an L-mode discharge,~a! three poloidally-separated channels atr50.90,Z
51, 2, 3 cm,~b! three poloidally-separated channels atr50.93,Z51, 2, 3
cm, showing high coherence and poloidal advection of eddy structures
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time-averaged turbulence flow velocity and radial shear
this velocity are readily apparent, but it is also clear that
transient flow dynamics deviate significantly from the tim
averaged or ensemble-averaged statistical properties.
possible, for example, to visualize eddies being stretched
torn apart as a result of the radially-sheared poloidal flo
This is consistent with the model ofE3B shear stabilization
of turbulence that has been successfully invoked to exp
improved confinement in a wide variety of plasma ope
tional modes.15

These time sequences of density fluctuation images h
also allowed for the direct visualization of turbulent cros
field radial particle transport in confined plasmas. In regio
near the plasma edge, it is particularly evident that there is
asymmetry in the radial trajectories of positive and negat
density fluctuations. Positive density fluctuations tend to d
outward radially, while negative fluctuations~density
‘‘holes’’ ! tend to drift inward. This can be seen in the s
quence of images in Fig. 3. A ‘‘red’’~positive! eddy ~top
center! is initially seen poloidally offset from but radially
aligned with the ‘‘blue’’ ~negative! eddy ~center!. As time
progresses, the two-eddy system appears to rotate in su
way that the positive eddy drifts radially outward~to the
right! and the negative eddy radially inward~left!, thus quali-
tatively showing a net outward radial flux of particles. It
noted that this is consistent with a model of radial transp
by electrostatic drift waves16 in which there is a finite~non-
zero! phase shift between the~measured! density and the
~unseen! potential fluctuations. This finite phase shift is r
quired to yield net radial transport since a zero phase s
would result in the same quantity of inward and outward fl
for no net transport. Since fluctuation measurements
tained with BES are calibrated and measureñ/n, the quan-
titative radial flux can be estimated; this will be the subje
of a future study.

In addition, a modest shearing is evident from the ba
ground equilibrium poloidal flow in Fig. 3. This flow is up
ward at all locations, but has increased magnitude at sma
radii ~left side!. This results in a tendency for eddies to dr
upward and be stretched toward the upper left. Also, an
cretion of two ‘‘red’’ eddies is evident in the third to fifth
frames as the initially distinct eddy structures~third frame!
join together as a radially extended eddy in the fourth fra
which becomes more symmetric by the fifth frame.

IV. WAVE NUMBER SPECTRA

The first-order ensemble-averaged statistical correla
properties of turbulence~correlation lengths, decorrelatio
times, wave number spectra! are relevant for comparing
measurements with nonlinear turbulence simulations.17 Past
studies have typically measured the 1D correlation proper
and wave number spectra,S(kr) andS(ku).18 The 2D mea-
surements allow for determination of the full two
dimensional density fluctuation wave number spec
S(kr ,ku). Given the inherently two-dimensional nature
tokamak turbulence, this is a quantity of particular inter
for comparisons to predictions and simulations.

The wave number spectrum is obtained here from m

of
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FIG. 3. ~Color! Series of six sequential images of turbulence, each separated by 8ms. Images obtained via 2D spline to 536 channel grid. Red indicates
positive density fluctuation, blue indicates a negative density fluctuation about the equilibrium density~white!. Contour lines indicate relative fluctuatio
magnitude. Dashed line represents the magnetic separatrix.
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surement of the two-point correlations across a 2D array
data. Pairwise correlation functions are used to construct
2D correlation function,r(Dr ,Dz,t50). A sample correla-
tion function is shown in Fig. 4~a!. Those data were obtaine
in an L-mode plasma atr50.85– 1.0. TheS(kr ,ku) spectra
is then obtained from this correlation function with a 2
spatial transform using the discrete cosine transform~DCT!,
which is also commonly used for image compression. T
DCT transforms a real vector or array into another real v
tor or array, unlike the FFT which yields a complex outp
While both the DCT and 2D FFT are complete transfor
and can be inverted back to obtain the original data, the D
offers an advantage of higher wavenumber resolution an
is used here~Fig. 4!.

The 2D correlation function@Fig. 4~a!# shows strong
asymmetry in the radial and poloidal directions, with
monotonically decaying correlation in the radial directio
while the poloidal correlation exhibits a decaying waveli
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structure. This is consistent with results obtained with
measurements in the radial or poloidal directio
separately.18 The corresponding 2D wave number spectru
is shown in Fig. 4~b!. This shows a clear peak in the spe
trum nearkr50 andku'1 cm21.

V. VELOCITY FLOW FIELD

The magnitude and direction of the turbulence flow-fie
enables measurement of turbulence shearing, mode ide
cation, as well as nonlinear turbulence properties such
zonal flows and energy cascades. The turbulence flow fie
here defined as the local average flow direction of turbul
eddies, or the turbulence group velocity, and should be
tinguished from the bulk mass flow of the plasma itself. T
turbulence velocity is believed to be a function of localEr

3BT velocity and some fraction of the ion or electron di
magnetic velocity.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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The flow-field can be measured as an ensemble-aver
property of the turbulence, or, if the signal to noise is su
cient, measured in a time-dependent fashion on time sc
up to that of the density fluctuation spectrum itself. A
ensemble-averaged flow-field can be determined via a ca
lation of the two-point time-lag cross correlations.8 The time-
delay correlation function, a sample of which is shown
Fig. 5~a!, is calculated by integrating over a specified fr
quency range. The envelope of the correlation function
calculated using the Hilbert transform of the correlation. T
local velocity is then obtained simply as the known chan
separation divided by the time at the centroid of the cr
correlation envelope. It is generally observed that there is
steady-state radial eddy velocity, but the steady-state polo
velocities are significant and can be of order of several km
A typical turbulence-flow field is shown in Fig. 5~b! with the
arrows pointing in the flow direction~poloidal! and with a
length scaled to the average flow magnitude. In this part
lar case, it is observed that the flow reverses locally. In e
regions of the plasma, as shown here, the turbulence ca
highly dispersive, i.e., the velocity can depend strongly
the wave number or frequency band being considered. T
it may be necessary to specify the frequency or wave num
range for a given flow field.

The time-dependent turbulence flow field is of intere
for several applications, including determination of the t
bulentE3B flux19 and self-regulating zonal flows. Two ap
proaches have been developed to ascertain the t
dependent flux on turbulence-relevant time scales. O
method uses a wavelet-based cross-correlation techniqu
determine the time-dependent phase relationship betw
two time series. This has been described in Ref. 19.

An alternate technique to obtain time-dependent time
lay estimates utilizes a short time-window cross-correlat
method. This technique is conceptually similar to the tim
averaged method described above, but rather than perf
ing an ensemble-averaged cross-correlation, the correla
is obtained over a short time-window. Here, the data is ov
sampled in time to achieve subsampling time resolution
time window is chosen appropriately for the required tim
resolution satisfying the Nyquist criteria. A time-lag cros
correlation is performed between the two oversampled t
series fluctuation data within the selected time window. T
time delay corresponding to the peak of the cross-correla
is recorded. A time series of peak time delays is thus c
structed by scanning the data. A Hanning window is appl
to the input time series data prior to the cross-correlat
analysis to avoid spurious spectral features in the resul
time or velocity data set. Standard spectral analysis te
niques are then applied to the resulting data to examine
properties and characteristics.

An example of the spectrum of data analyzed with t
method is shown in Fig. 6. Here the poloidal flow veloc
was measured at two poloidally separated locations (DZ
55 cm). The cross power between these two TDE meas
ments shows a clear coherent peak near 15 kHz in the p
dal flow velocity. Detailed analysis of this phenomenon a
its spatial structure is discussed in Ref. 20.

It has been found that the wavelet TDE techniq
Downloaded 05 Mar 2007 to 128.104.198.190. Redistribution subject to A
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achieves higher frequency resolution, while the short tim
window cross-correlation method generally results in
higher signal quality for lower frequency phenomena.

VI. FUTURE DIAGNOSTIC DEVELOPMENTS

Initial turbulence imaging measurements obtained w
the BES system have been useful for discerning the tim
evolving and ensemble-averaged 2D turbulence charact
tics. To further extend the diagnostic technique and ap
these measurements to a broader range of plasma cond
and spatial regions, it will be highly desirable to increase
sensitivity of the measurement as well as to expand the
tial domain being sampled. The present BES system, lim
by channel number, images a spatial region that is about
to three turbulence correlation lengths in domain size. A n
generation density fluctuation system is being designed
should have nearly ten times the sensitivity of the exist
system and will provide up to an additional 32 hig
sensitivity spatial channels.

The sensitivity will be enhanced through measurem
of additional spectral signals, increasing the spatial samp
area, utilizing a higher throughput optical system, and
creasing the length of the data time record. Density fluct
tions are currently measured with BES by observing
Doppler-shiftedDa emission from the collisionally excited
beams. The next-generation system will observe this em
sion as well as the thermal charge exchange emission ar

FIG. 4. ~a! Two-dimensional (Dt50) spatial correlation function, and~b!
the corresponding 2D wave number spectrum,S(kr ,ku).
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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2019Rev. Sci. Instrum., Vol. 74, No. 3, March 2003 Plasma diagnostics
from charge exchange reactions between beam atoms an
background deuterium ions. This thermally broadened em
sion, centered nearlo5656.1 nm, will be spectrally isolate
from the intense but narrow edgeDa emission utilizing a
high throughput spectrometer. The specialized spectrom
will utilize custom-designed near unity transmission gratin
~Kaiser Optical Systems, Inc.! optimized for unpolarized
light transmission at high dispersion at the selected wa
length band. The optical throughput will be increased
more optimally aligning the aspect ratio of the image sp
size in the plasma to the inherent turbulence structu
which typically have longer poloidal correlation lengths th
radial correlation lengths. The present image sizes are r
ally and poloidally symmetric.

These systematic improvements are expected to pro
a net enhancement of signal strength of nearly an orde
magnitude, resulting from additional observed spectral em

FIG. 5. ~a! A typical ensemble-averaged time-lag cross-correlation betw
poloidally separated channels~correlation shown as solid line, envelope
dashed line! showing the peak correlation near27 ms, indicative of the
equilibrium poloidal flow.~b! The time-averaged turbulence velocity flo
field, obtained from two-point cross-correlations across a 536 cm grid of
data.
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sions~*2!, increased image size~*2.5!, and increased optica
efficiency ~*1.5!. In addition, an increased time record w
allow for improved signal to noise in the ensemble-averag
spectral analysis. This series of enhancements should fa
tate further investigation of two-dimensional turbulence b
havior in high confinement regimes and in the core confi
ment region.
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