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The two-dimensiona(2D) radial vs poloidal structure of edge turbulence in the Alcator C-Mod
tokamak[l. H. Hutchinson, R. Boivin, P. T. Bonolet al, Nucl. Fusion41, 1391 (2001)] was
measured using fast cameras and compared with three-dimensional numerical simulations of edge
plasma turbulence. The main diagnostic is gas puff imaging, in which the visjp&arission from

a localized D gas puff is viewed along a local magnetic field line. The observgdllztuations

have a typical radial and poloidal scale-el cm, and often have strong local maxiifiblobs” ) in

the scrape-off layer. The motion of this 2D structure motion has also been measured using an
ultrafast framing camera with 12 frames taken at 250 000 frames/s. Numerical simulations produce
turbulent structures with roughly similar spatial and temporal scales and transport levels as that
observed in the experiment; however, some differences are also noted, perhaps requiring diagnostic
improvement and/or additional physics in the numerical model.2@®2 American Institute of
Physics. [DOI: 10.1063/1.1445179

I. INTRODUCTION should provide confirmation of the physical mechanisms

which govern the growth, saturation, and transport effects of
Turbulent plasma fluctuations have been observed at thggge turbulence in tokamaks.

edge of tokamaks for many years, both inside and outside the hformation about the 2D structure of plasma edge tur-

last closed magnetic flux surface, as described in the reviews, jance in tokamaks and stellarators has been obtained for
of Refs. 1-3. However, despite a wealth of experimental datq,  years using statistical two-point correlation techniques,

there is little direct quantitative or even qualitative under-from which it has been determined that the turbulence struc-

standing of these measurements in terms of the basic theqwre is approximately isotropic in the radial vs poloidal plane

of edge plasma turbulence, which has advanced rapidly in". . ) N .
the past few years.” with a size typicallyk, ps~0.1, i.e., somewhat longer than

The present experiment was motivated by recent ad’ghe typical drift wave scalle length® The r~elative fluctuation
vances in the theoretical modeling of edge turbulence; if€Ve! in the edge plasma is generally largér(=10%) com-
particular, by the two-dimensioné2D) turbulence structure p~ared to relatlvgly small turbulence levels near the core
calculated from three-dimension@D) nonlinear simulation ~ (/n~0.1-19%): . . .
codes® These computations now look so “realistic” that it The present paper describes 2D imaging of edge turbu-
seems worthwhile to directly compare their results with mealence in which both the radial and poloidal structure is mea-
surements. Since the turbulence correlation length along thgured at one instant of time rather than inferred from statis-
magnetic field is comparable to the circumference of the totical correlations. Such imaging techniques are often used in
kamak L,~QR), the most interesting turbulent structure is fluid turbulence experiments, e.g., to detect large scale “co-
in the radial vs poloidal plane, i.e., perpendicular to the totaherent structures” in turbulent flowfsPrevious 2D images of
magnetic field. Such a comparison of experiment and theorgdge turbulence were made using a 64-point Langmuir probe
array’ and a 32-point 2D array of beam emission spectros-

10 ; ; ; ;
apaper UIL 4, Bull. Am. Phys. Sod6, 322 (2001. copy(BES).”" The present gas puff |mag|r@PI) diagnostic
Pnvited speaker. has over 1000 active pixels and an optical resolution of
1070-664X/2002/9(5)/1981/9/$19.00 1981 © 2002 American Institute of Physics
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FIG. 1. Schematic view of gas puff imagif@Pl) diagnostic on Alcator
C-Mod. The neutral deuterium gas enters the chamber radially through a gas
puff nozzle and its D emission is viewed along a magnetic field line by the
GPI telescope on the outer wall about 50 cm away. The 2D images of light
emission from the gas puff are transferred through a coherent fiber optic i oy
bundle and D line filter to cameras located at the top of the machine. Limiter

=)
i

~2-3 mm, so in principle can provide the best imaging of
tokamak turbulence to date.

II. GAS PUFF IMAGING DIAGNOSTIC

The general diagnostic setup and initial results for gas
puff imaging of edge turbulence have already been described
in papers from the National Spherical Torus Experiment
(NSTX)! and Alcator C-Mod-? In this section we briefly
describe the imaging system, the interpretation of these im-
ages, and other possible diagnostic issues. Although bgth D
and He gas puffs have been used on C-Mod with qualita-
tively similar results, for simplicity only the Presults will
be presented in this paper.

dawn) Vertical Direction {up

1cm

A. Imaging system (<— out} Radial Direction (in —>)

A schematic view of the GPI diagnostic in Alcator FIG. 2. (Color) Typical 2D GPI images showing the Dight emission from
C-Mod is shown in Fig. 1. Neutral deuterium gas is puf‘fedthe gas puff nozzl¢left) as viewed through the optical fiber bundle. At the

. . . top is the time-averaged envelope of thg [yht emission summed over
radlally into the edge p!asma thrdm@ 3 mm diameter many frames during a typical C-Mod dischargeB=5.3T|
nozzle located~3 cm outside the last closed flux surface and—o.7 ma,#1000912004). At the bottom is a single frame from that same
2.5 cm below the outer midplane. The gas is typically puffedshot taken at an exposure time of8 showing the instantaneous 2D struc-
steadily during~0.5-1.0 s after breakdown with a flow rate ture of the D, light emission, along with the locations of the magnetic

~ 9 0 . . 0 P separatrix and the limiter shadow in this regi@ashed ling The poloidal
101°-1C° atoms/s, which is<1% of the total ionization direction is vertical and the plasma center is toward the right. The limiter is

rate"® and thus does not perturb the discharge as a whole. 1 m along theB-field line from the GPI cloud in one direction and 2 m away
As shown in Fig. 1, this gas puff is viewed by an imag- in the other direction.

ing telescope aimed at the puff from a direction along the

local magnetic field lind11° from toroida). This provides a

viewing area of=6 cmx 6 cm in the radial vs poloidal plane For reference, at the top is the time average of theebis-

centered near the magnetic separatdf.5 cm below the sion, along with the location of the nozzle, and at the bottom

outer midplane. These images are transferred by a 408 a single frame exposed foris, along with the location of

X 400 coherent fiber optic bundle through a, 656 nm the magnetic separatrix and limiter shadow. The irregular

line filter and recorded by a fast-gated intensified camera atm-scale structures within thisis image represent the edge

60 frames/s. The spatial resolution of this whole system igurbulence as viewed by GPI. This small-scale turbulence

typically ~2—3 mm at the gas puff plane. The, [lght emis-  can be seen within the area of the time-averagge@imission

sion from this puff was also recorded by three fast photo-‘cloud” which extends~6 cm poloidally and 3 cm radially

diodes viewing the same puff from the toroidal directtdn, (from p~2 to —1 cm, wherep is the distance outside the

and sometimes by an ultrafast framing camésae Sec. separatrix In the region outside the separatrix but inside the

D). limiter shadow, the parallel connection length to the wall is
Typical images from this diagnostic are shown in Fig. 2.L,=10 m, while outside the limiter shadow the nearest lim-
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FIG. 3. (Color Example of a sequence of GPI images ip ght emission taken with a s exposure in standard C-Mod ohmic discharge vidth
=5.3T and =0.7 MA (#100091200% The first frame at the upper I€f#37) was taken at 0.42 s and the framing rate was 60 frames/s. The first frame shows
the D, background level just before the start of the @as puff. The color scale is the same as for Fig. 2.

iter is =2 m away along th@&-field line on one side aneétl  atomic physics of deuterium atoms. In the collisional radia-
m away on the other side. tive approximation, ignoring recombination,

Figure 3 shows a set of 18 consecutive images from the .
same shot, each with an exposure time @fs2 The details of Sp, (Photons/em) =nof (Ne, Te) Az 2, @
the small-scale structure of the I|ght emission vary fromwhere Ng is the local deuterium atom density, amﬂz
frame-to-frame(at 60 frames/s as expected for this edge =4.41x10’ s 1 is the radiative decay rate from tie=3 to
turbulence with an autocorrelation time 8f10—20us. The =2 excited electron state. The functibm,, T) gives the
background [ recycling light, as seen in the first frame, has ratio of the density of the=3 state to the ground state and
a radial location similar to that of the GPI emissidrhut a s gbtained from the solution of model equations balancing
brightness level which is=5-10 lower than that during the collisional and radiative processes affecting individual ex-
D, GPI puff. cited states. The time scale for emission of this spectral line
once the atom has been excited i#\3l/,=0.02us, i.e.,
much shorter than typical turbulence time scales in this ex-
periment. This interpretation of Dfluctuations is similar to

The identification of [} light fluctuations with edge den- BES?° except in BES the neutrals come from a neutral beam
sity fluctuations is motivated by several previous measureand the excitation of [ comes from ions instead of elec-
ments. For example, a locally high coherence was observetmons.
between the light fluctuations and ion saturation current fluc- The DEGAS 2 cod® has been run to determine the
tuations in a nearly Langmuir proB&and the spatial struc- relationship of the [) emission to assumed variations in the
ture and frequency spectrum of,Dluctuations from a gas edgen, and T.. The transport of the puffed gas and the
D, puff were similar to Langmuir probe ion saturation cur- neutral atomic physics have been simulated in a 2D model
rent fluctuations? Short exposure time video images of re- using plasma profiles mapped onto magnetic flux surfaces
cycling light and gas puff clouds in the Tokamak Fusion Testfor a typical shotB=5.4 T, | =1.0 MA #1010622006 The
Rector (TFTR),*® NSTX! and other devices have shown average electron temperature and density profiles are ob-
turbulent “filaments” of light emission which are highly tained from the near-midplane reciprocating probe data;
elongated along the magnetic field line, as expected foplasma parameters are taken to be constant on a flux surface.
structure of edge density turbulence. Previous measuremeni®ie atomic physics is the same as in Ref. 18 except that
in Alcator C-Mod showed that Plight fluctuations in this  neutral-neutral collisions can be ignored here. The relevant
gas puff had a frequency spectrum similar to a Langmuithardware components in the simulation are the gas puff
probe, and fast 2D toroidal vs poloidal images of the recysozzle, which is a tube of 0.3 cm diameter located cm
cling light had a filament structure approximately alignedoutside the separatrix a=—2.5 cm, and the outer limiter
along theB field.}?1’ locations illustrated in Fig. 1. The calculated, Bnolecule

For a quantitative interpretation of GPI light fluctuations, density falls off by a factor of 10 within 1.5 cm of the nozzle
the local O, emissivity needs to be evaluated from thetip as the molecules are dissociated into atgnate that the

B. Interpretation of images
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The sensitivity of the ) light emission to variations in
the assumed electron density and temperature was evaluated
using the collisional radiative model for atomic deuterium in
DEGAS 2. The edge plasmas in Alcator C-Mod typically
have 16% cm 3<n,<10“cm 2 and 10 e\ T,<50 eV’
Under these conditions, DEGAS 2 modeling shows that
Sp, N> T %< p>® near the center of the GPI emission

cloud at p=0.5cm where T,~25eV and n,~3

x 10' cm™3. Therefore, in this case, the relative fluctuation
S : B i level in Sp, should be~0.5 times the relative density fluc-
separatrix [mm) 20 15 10 5 0 -5 -10 tuation level at that location, at least for small fluctuations.

e 0 Distance from separatrix (mm) At the innermost point of the GPI cloud at= —0.35 cm this

' I sensitivity isSp_2ne"“T,>% while at the outermost point at

(c) (d) —H p=1.4 cm the sensitivity is roughl@, =n>°T** A quan-

i titative interpretation of the GPI fluctuations sga should

i A B therefore take into account the local density and temperature,
. ' the ratio of the local density fluctuations to the local electron
temperature fluctuations, and the nonlinear effects due to

large fluctuations.

For simplicity, the GPI images described in this paper
will be analyzed without attempting to convert the, Buc-
tuations into local electron density or temperature fluctua-
; tions, since the ratio and phase of these two fluctuating quan-

oy z ) tities is not yet measured in C-Mod. There is recent evidence
from Langmuir probe measurements in TEXT that edge den-
FIG. 4. (Color) DEGAS 2 simulations of the Dlight emission from the  sity temperature fluctuations are in phase and of similar rela-
GPI gas puff nozzle. In pa@) is the 2D pattern of the time-averaged D tjye magnitudes and spectruthin which case the interpre-
emission as calculated for the measured density and temperature profll?gtion would be relatively straightforward Further
shown in partb), where the location of the gas puff nozzle is shown by the :
small rectangle at=—2.5 cm in(a). Part(b) also shows a comparison of develOpment of the DEGAS 2 modeling and analysis of GPI

the measuredred and calculatedblack radial profiles of Q emission, and  fluctuations will be described in a future publication.
the calculated neutral D atom density profigreen, all at z=—3.5cm.

Part (c) shows the calculated Demission pattern with an assumed 2D C. Other diagnostic issues

perturbation in the electron density, and paft is a vertical slice through
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the perturbed GPI cloud of pa(t) at 0.7 cm outside the separatrix, showing m the interpretgtion above i.t iS_ assumed thaf[ the n.eu_tral
how the calculated Demission follows the perturben, (both normalized ~ densityn, does not itself have significant fluctuations within
to their unperturbed valugs the GPI emission region, e.g., due to some nonuniformity in

the flow from the nozzle. This is justified since the neutral

hydrogen atom density comes from the dissociation ¢f D
D, photons from the decay of excited atoms created duringnolecules within=1 cm of the tip of the nozzl¢Sec. 11 B),
dissociation have not yet been included in these simulationsafter which the D atoms travel without self-collisions into the

Typical results from DEGAS 2 are illustrated in Fig. 4. plasma, thus forming a spatially uniform distribution in the

In Fig. 4(a) is the time-averaged 2D emission pattern of theregion of D, emission. Even without such dissociati@g.,
D, light from the D, gas puff emitted by the nozzlsmall  for He puffs, experiments on gas flow through nozzles into
black rectangle at the leftas calculated for the measured vacuum have shown a very smooth spatial distributfon,
density and temperature profiles shown in Figh)4Figure  most likely due to the collisionless flow just past the nozzle.
4(b) also shows a comparison of the calculated and GPIThere is, however, a possible radial “shadowing” effect by
measured radial profiles of Dat z=—3.5 cm, which agree which fluctuation-induced ionization of incoming neutrals
well with each other. Also shown in Fig(l) is the neutral D  can transiently reduce the neutral density farther toward the
atom radial profile az=—3.5cm, the poloidal extent of plasma center, similar to the edge effect in B®lthough
which is ~4.7 cm FWHM (full-width-half-maximun) near this effect is not noticeable in the GPI imagg@&rhaps due
the D, peak atp~0.5 cm outside the separatrix, where theto charge exchangeit needs to be investigated further using
calculated density is=2x 10! atoms/cm for an assumed D DEGAS 2 simulations.
atom influx rate of 18 atoms/s. Figure @) shows the cal- Another assumption is that the GPI gas puff does not
culated D), emission cloud with an assumed 2D perturbationperturb the local edge turbulence being imaged. This was
of 50% in the electron density, and Figdicompares the,  verified empirically in three ways: first, by observing that the
and D, profiles in a vertical slice through Fig(e) near the frequency spectrum of the GPI Oluctuations as measured
center of the GPI cloud, showing that the normalized fluc-by the fast diodes is very similar to spectrum of ion satura-
tuations in O, are about half the size of the amplitude of tion current fluctuations in a Langmuir probe at the same
those inn,. radius, as shown in Fig. 5; second, by observing that the

Downloaded 12 Jul 2002 to 198.35.7.205. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



Phys. Plasmas, Vol. 9, No. 5, May 2002 Edge turbulence imaging in the Alcator C-Mod tokamak 1985

0.06 L R | " ———————— TABLE I. C-Mod parameters# 1010622006
Global/Core Plasma edye
B=54T n=2.5x10% cm 3
= 1=1.0 MA Te=24¢eV
‘% R=67 cm ps~2.6x1072 cm
° a=22cm ay~0.35
=
£ n(0)=1x10%cm3 @mng=0.03
% Te(0)=1.5 KeV Be~3X107°
Oo5~3.8 Le/Ly~0.1
0.5 cm outside separatrix near outer midplane.
0.02 I w
1 10 100

paper were taken using deuterium gas puffing into
Frequency (kHz) deuterium-fueled C-Mod discharges without ion cyclotron

FIG. 5. Frequency spectra of Oight fluctuations as measured by a fast resonsance-heatm@CRH) heatm,g' Typlcal parameters of
diode compared with the spectrum of ion saturation current fluctuations in £-Mod and its edge plasma are in Table I.

Langmuir probe at the same radiys=0.9 cm). The diode viewed the GPI Overview
gas cloud toroidally using optics located just below the GPI telescope WhicIA

had a~3 mm viewing diameter at the gas cloud. The vertical axis is the Typical GPI images of edge turbulence of C-Mod dis-
amplitude of the fluctuationé.e., square root of the autopower spectfum

and the two traces are normalized vertically to each other. Typical ﬂuctuagharges_ were s_how_n in Figs. 2 and 3. These |mages_ were
tion autocorrelation times arg,,~10—201s FWHM. taken with a gating time of Zs/frame at 60 frames/s during
the steady-state part of the discharge freff.5—-1 s after
breakdown. The exposure time ofua/frame was chosen to
spatial structure, frequency spectrum, and relative fluctuatiosapture most of the measured frequency spectrum which, as
levels of the GPI light emission did not vary significantly shown in Fig. 5, was mainly beloW=150 kHz. Images
when the gas flow rate varied from=10" atoms/s to taken at a gating time of 0.as looked similar, as expected.
=107 atoms/s; and third, by observing that there was no  As viewed by eye, images such as those in Fig. 3 show
significant change in the fluctuations seen by the Langmuirandom-looking spatial patterns over th& cm poloidal by
probe at the same minor radius as the GPI cloud with ané=3 cm radial size of the GPI light emission cloud. On aver-
without the gas puff present. This absence of a local perturage, the small-scale structure within this cloud looks ap-
bation is plausible since the radiated power from this gaproximately isotropic in the poloidal vs radial plateee Sec.
puff is <1 kW, and, although the local ionization rate within 111 C). There is almost never any periodic structure, but there
the GPI gas puff is up te=10 times the local recycling are often isolated “blobs” of bright emission of sizel cm
ionization rate, the puff contributes10% to the total par- (see Sec. llI[. These trends are consistent with the edge
ticle source averaged over a typicallO m long connection turbulence seen in previous experiments; for example, the
length just outside the separatrix. Also, no effect of strong H intermittent “blobs” have been identified in Langmuir probe
or He gas puffing on the local edge turbulence was observedata>'’ and are very also likely the “filaments” seen in
in experiments in Princeton Beta Experiment Modificationhigh speed imaging of D.11®
(PBX-M).%
Although the spatial resolution of the optical system isB_ Radial profiles for a typical case
~2-3 mm for a test pattern located at the gas puff, there can
be a loss of resolution if the optical sight line is not along the ~ The top part of Fig. 6 shows the radial profile of the
parallel direction of the turbulence. If the parallel wavelengthmean poloidal correlation lengthy,, for the D, fluctuations
of the turbulence along the magnetic field~s|R, then this  for the discharge of Fig.#). TheseL ,, are calculated as the
blurring should be<1 mm when viewing along a field line. time average over 21 framé¢8.6-0.93 § of the FWHM of
If the view is slightly misaligned with the field line there will the radially resolved poloidal autocorrelation functions for
be an additionak~1 mm blurring for every degree of mis- €ach frame. Before performing the autocorrelation functions,
alignment, since the length of the GPI neutral gas cloudach frame is first normalized by the time-averaged GPI im-
along the sightline is=6 cm FWHM. Thus typical variations age to remove the artificial variations due to the finite verti-
in the local field line of up to~2° will cause the spatial cal and horizontal extent of the clod 2-D spatial averag-
resolution to be up te=3—4 mm in the poloidal direction, ing over~1 mm is also applied to the time-averaged image
but this resolution is still small compared to the mean correPoloidal autocorrelation functions are then computed from
lation length of the turbulence. contiguous vertical columns in each frame, where each col-
umn is~1 mm wide(radially) and~5 cm high(poloidally).
Note that the separatrix was stationary to with#2 mm
during this time period, and corrections due to thé& mm
In this section we analyze the structure of the edge turcurvature of the separatrix were neglected in this analysis.
bulence as observed in the,Dight emission measured by The error bars in Fig. 6 represent typical rms deviations from
the GPI diagnostic described in Sec. Il. All the data in thisthese mean correlation lengths over the frames in this shot.

IIl. EXPERIMENTAL RESULTS
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FIG. 7. Estimates of the average poloidal and radial correlation letgths
(West) 1 andL ,qin the edge region from GPI for a variety of discharge conditions in
/ C-Mod. The open circles are for normal operating condition8sf5 T, |
Langmuir probe T ~0.7-1.0 MA. The closed circles are during an ELM-free H-mode dis-
charge withB~4 T, | =0.8 MA, and the triangles are for a lo&=2.8 T,
I=0.4 MA. In all cases the correlation lengths arg,~0.85+0.2 cm and
1 L a=1.0 cm(both FWHM), with no significant variation among discharge
Diode types.

Langmuir probe

THEHSs C. Variation of correlation lengths with plasma

conditions

Relative fluctuation level (%)
- N w B )] [e)]
o o o o o o o

20 15 10 5 0 -5 -10
Distance from separatrix (mm) Figure 7 shows the variation of the mean poloidal and
, _ _ radial correlation length ,,; andL 4 for a variety of dis-
FIG. 6. Analysis of the GPI images for a typical C-Mod shot wlh o 0o oin Alcator C-Mod. In all cases the poloidal correla-
=5.4T andl =1.0 MA (#1010622006 At the top is the poloidal correla- ~ 9 ’ - p -
tion lengthL ,, as a function of radius averaged over 21 frames in this shot.lON lengths were averaged over a fixed range of r&dlii
At the bottom are the rms/mean fluctuation levels from the ion saturation=87.6—90.6 cm near the outer separattie., the same
currents of two electrodes on a scanning Langmuir probe, from the thre?ange as in Fig. 6 using only regions where the GPI light

discrete chords of Plight emission measured by the fast diodes, and from
the spatial deviations from the mean in the vertical slices of the normalize(!eveI was well above the baCkground level. Note that these

GPI image data used to calculate the poloidal correlation lengths. estimates oL .4 (as calculated in the same way lag, but
for horizontal slicesare more uncertain than those fog,

since the radial width of the Demission region is only
~2-3 times larger thah, .4 (compared to~6 times larger

for Lpg)-
. . pol

The bottom part of Fig. 6 shows the profiles of the rms  post of the points shown in Fig. 7 were for ohmic plas-
fluctuation levelg{normalized to their mearfor the ion satu-  mas with B=5.4T, I=1MA or B=5.3T, 1=0.7 MA,

ration currents vs time of two electrodes on a scanning Langwhere the mean poloidal correlation lengths Welrg,
muir probe, from the three discrete chords of the GBI D ~0.85-0.2cm and L,,~1cm. Other types of ohmic
light emission measured vs time by the fast diodes, and fromplasma had a simildr,,, as shown for the lov cases with
the vertical slices of the normalized GPI image data used t@=2.8 T, |=0.42 MA (at a similar edgey). No significant
calculate the poloidal correlation lengths. The Langmuirchange was seen either with varying plasma density or with
probe data agree fairly well with the fast diode data, espelCRH heating(not shown. Figure 7 also shows no signifi-
cially considering that the relative Dlight fluctuations are cant change for ELM-freeH-mode discharges; however,
not expected to have the same amplitude as the local densithese measurements were made well outside the transport
fluctuations(see Sec. Il B The fluctuation profile of the GPI barrier, which in C-Mod is typically al,~200 eV. In con-
image data is similar to the other methods even though it waiast, a clear narrowing of the radial width of the GPlel)
based on a limited set of spatial averages and not time serigight emission inH-mode was recently seen NS¥Xwhere

The result of this analysis is that the mean poloidal corthe neutrals penetrated into the transport barrier region. On
relation length is approximately ,,~0.85+0.2 cm within the other hand, reflectometry measurements in ASDEX-
the range of the GPI diagnostic frop=1.5 cm outside to Upgr_ade showed no significant difference in the_ra_d|al cor-
p~—0.5 cm inside the separatrix, where the density fluctua!€/ation length betweei. and H modes even within the

tion level is roughlyn/n~10-50%. This average size scale transport barrier regioff.
corresponds to a half-width—half-maximutfWHM) for
the k-spectral amplitude okpo~3.9L ,o~5 cm t (assum-
ing a Gaussian correlation functipnor roughly Kpeps Using the same GPI optical system as described in Sec.
~0.1, which is similar to other measurements of edgell, a Princeton Scientific Instruments Model PSI-3 Ultra-fast

turbulencet? The Kpol SPeCtrum is discussed in Sec. IV in Framing Camerd was used to image the motion of the

connection with the theoretical simulations. C-Mod edge turbulence at 250000 frames/s. This camera

D. 2D motion of edge turbulence structure
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separatrix

FIG. 8. (Color Images of edge turbulence taken with the PSI cameraat/ftame and 250 000 frames/s using the same view as in Fig. 2. The movement
of two locally bright “blobs” is tracked over several frames showing their velocity of ug-fiocm/20us. The radially outward direction is to the left and the
ion gradB and ion diamagnetic direction is downward in these images. The arrows are shown at fixed positions for reference.

accumulates charge in each of its>684 pixels and stores tral fluid flow. Minor radius sized coherent structures have
this charge in a set of 12 sites adjacent to each pixel. Thus 12reviously been measured in a low-temperature toroidal
frames can be captured during a shot and read out afterwaplasma?® and smaller-scale “blobs” or “intermittent struc-
into 14 bit digitizers. The net quantum efficiency of this cam-tures” have previously been identified using Langmuir probe
era was~30%, its dynamic range was 1000, and its readoutlata in tokamak$/?°=?° and are being analyzed
noise was~20 electrons/pixel. theoretically*>3! Further analysis of the motion in these im-
A typical sequence of images from the PSI-3 camera isages will be presented elsewhere.
shown in Fig. 8. This sequence was taken augframe
using the same GPI flel_d of view as for Ii|g. 2, ?nd shows th?v. COMPARISON WITH THEORETICAL SIMULATION
movement of two localized maxima or “blobs” of Plight
emission. Such blobs were seen to move poloidally or radi- Numerical simulations of edge turbulence in C-Mod
ally at a speed of up te=1 cm/20us (=500 m/g, but such  were made with a 3D nonlinear electromagnetic two-fluid
blobs could also come and go without much movement, andhodel which was developed specifically to treat the colli-
sometimes the movement seemed to be more “wave-like’sional edge plasma of tokamak&This model is based on
with a phase speed mainly in the ion diamagnetic directionthe Braginskii equations and has both diamagnetic and toroi-
The autocorrelation time at a single point in these imageslal curvature effects, but does not have kinetic effects like
was ~10-20 us, consistent with the time series measure-Landau-damping or nonthermal distribution functions. The
ments made using the fast diodésee Fig. 5. Videos of  simulation described below was carried out in a shifted-circle
these images can be viewed at http://www.pppl.goviclosed field line magnetic geometry, and thus, in contrast to
~szweben/. the geometry of the experiment, has no magnetic separatrix
It is possible that these moving “blobs” are examples of or limiters. At least qualitatively, we expect this approach to
coherent structures analogous to those seen in turbulent nelpe a reasonable first step, since in the present case the com-
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FIG. 10. Initial comparison of th&-poloidal spectra calculated from the
simulation code and the GPI images for the same discH&d@1062200%
normalized to have the same total fluctuation amplitude for clarity. Although
the mean correlation lengths of the simulation and the data are similde, the
5.3 cm radial spectrum from the simulation has relatively more amplitude at kigan
does the data.

FIG. 9. Typical image from the numerical simulation of edge turbulence in
C-Mod. The local brightness of this image is proportional to the local den-
sity fluctuation normalized to the average density at each point. This simu-
lation is “local” in the sense that it models only the plasma parameters andstem from the fact that the simulation contains more small-

local gradients at a poini=0.5 cm outside the separatrigee Table | for  scale structure than does the GPI images. A comparison of
parameters The radial domain of the code is made larger than the domainy, o _hol0idal spectra calculated from the simulation and
over which these parameters are constant in the actual profile shown in F|?. . . . . .
4(b). rom the GPI images for the same discharge is shown in Fig.
10. In this figure thek,, spectral amplitude obn from the
simulation is plotted against the,, spectral amplitude from

bined effect of magnetic sheas= 1.3) and unfavorable cur- the GPIimages withip= 0.5+ 0.3 cm outside the separatrix
vature localizes the turbulence on the outboard midplane. lthese images were taken atu® exposure as described in
is also a “local” simulation in the sense that the backgroundSec. IlIB). At this radius the GPI should respond &s_
gradients of the density and temperature are assumed to ben,>° T,%° (Sec. I1B), so if the density and temperature
constant throughout the simulation domain and the densitfluctuations are in phase and similar in magnityde sug-
and temperature fluctuations are assumed to be small corgested by the simulationthe GPIk spectrum should also be
pared to the background values. approximately that ofén. For clarity, the two curves are

A typical pattern of density fluctuations as calculated bynormalized so as to have the same total fluctuation ampli-
this code for a C-Mod edge plasma is shown in Fig. 9. Thigude. It is seen that, despite the similarity in the average
case was run for th8=5.4T, I=1.0 MA plasma of Fig. correlation length of the simulation and GPI data, the shapes
4(b) at a point 0.5 cm outside the separatrix whege=2.5  of the twok spectra are different, with the simulation having
x 10" cm™2 and T,=24 eV (see Table )l The simulation more small-scale structure up to the fastest growing resistive
domain in Fig. 9 is 5.3 cm radially by 10.6 cm poloidally, ballooning mode neak,,= 30 cm L,
i.e., has many wavelengths in both the poloidal and radial The relative excess of high wave numbers in the simu-
directions, with periodic boundary conditions in the poloidal lation also leads to a discrepancy between the predicted and
direction and outwardly decaying conditions for the turbu-observed correlation times. The autocorrelation time in the
lence and fixed values for the background at the radiasimulation was 5.6us FWHM (full-width-half-maximun),
boundary. The code was started from initial noise, progresseghile that measured by the GPI diodes was 10420
through a linear instability phase dominated by the resistivd&WHM. Averaging the simulation data over a period oig
ballooning mode, and reached a saturated steady state r@duces the fluctuations &=6cm ! by a factor of 1.8
around 40us (the time of Fig. 9 is around 10Qs). while hardly affecting the fluctuations &t=2 cm t. From

The poloidal correlation length of the density fluctua- the theoretical point of view, a reduction of the small space
tions in this simulation isL,,=0.6=0.1cm, which is and time scales in the simulation could arise from some ad-
roughly consistent with the GPI imaging result &f,  ditional small scale diffusion or viscosity that is not present
=0.85+0.2 cm. Similarly, the local fluctuation level in the in the Braginskii simulation model. Such damping, when ar-
simulation wassn/n=0.18 andsT./T,=0.13, with 6T, in ftificially added to the simulations, has little impact on the
phase withén. This fluctuation level is within a factor of 2 predicted transport, which arises mainly from the larger
of that seen by the GPI diodes but somewhat smaller thaacales. The physical origin of such damping, however, is not
that seen in the Langmuir probdBEig. 6). The predicted clear(the charge exchange or ionization of neutrals and finite
particle diffusion coefficient of B-0.2 nf/s from the simu- Larmor radius effects can probably be ruled out as a source
lation is within about a factor of 2 of the experimental esti- of such damping, because of their smallne&n the experi-
mate for that part of the scrape-off layér. mental side, the strong decay at small scales could poten-

There are, however, notable differences, which appear tbally be due to an unknown factor reducing either the space

Downloaded 12 Jul 2002 to 198.35.7.205. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



Phys. Plasmas, Vol. 9, No. 5, May 2002 Edge turbulence imaging in the Alcator C-Mod tokamak 1989

or time resolution of the diagnostic to abostl cm or~4  D’lppolito, J. F. Drake, G. Hammett, T. S. Halm, D. Johnson,
us, respectively. S. Krasheninnikov, B. Lipschultz, E. Marmar, J. Myra, W.
Thus the initial comparison of the theoretical simulationNevins, G. Schilling, D. Simon, G. Tynan, S. Wolfe, and X.
with the measured edge turbulence in C-Mod is encouraginiu.
in several respects; namely, that the average length scales, This work was performed under U.S. DOE Contract No.
fluctuation amplitudes, and diffusion coefficients in the localDE-AC02-CHO3073.
simulation agree to within about a factor of 2 with the local ,
ts just outside the separatrix. However, the tupy- o oen - Nucl Mater266-269 84 (1999.

measurements Just outsic p - ’ 5. A. Carreras, IEEE Trans. Plasma S25, 1281 (1997).
bulence autocorrelation times akg, spectrum shapes ap- 3a.J. Wootton, B. A. Carreras, H. Matsumoto, K. McGuire, W. A. Peebles,
pear to be significantly different. Clearly more work needs to C. P. Ritz, P. W. Terry, and S. J. Zweben, Phys. Fluid3 2879(1990.
be done to track down the source of these discrepancies. Thé&: N- Rogers, J. F. Drake, and A. Zeiler, Phys. Rev. L&}.4396(1998.

L . .. . Q. Xu, R. H. Cohen, T. D. Rognlien, and J. R. Myra, Phys. Plasmas
reliability of the Braginskii model at the shorter scales can be j¢57 (2009,
tested by comparing the fluid results to kinetic descriptions.®F. Jenko and B. D. Scott, Phys. Plasnag705(1999.
The simulations could also be improved by including more K. Hallatschek and A. Zeiler, Phys. Plasnas2554(2000.
realistic boundary conditiofig? and nonlocal effecté.Fi- 8U. Frisch, Turbulence (Cambridge University Press, Cambridge, MA,
nally, improvements can be made in the experiment by in->s3 zweben and R. W. Gould, Nucl. Fusi28, 825 (1983.

creasing thé-spectral range and by using DEGAS 2 to help°G. R. McKee, R. Ashley, R. Durst, R. Fonck, M. Jakubowski, K. Tritz, K.
interpret the fluctuations. Burrell, C. Greenfield, and J. Robinson, Rev. Sci. Instrd) 913 (1999.
HR. J. Maqueda, G. A. Wurden, S. J. Zweben, L. Roquemore, H. Kugel, D.

Johnson, S. Kaye, S. Sabbagh, and R. Maingi, Rev. Sci. Ins#2n®31
V. SUMMARY (2001.

. . - 12]. L. Terry, R. Maqueda, C. S. Pitcher, S. J. Zweben, B. LaBombard, E. S.
This paper describes the initial results from a gas puff Marmar, A. Y. Pigarov, and G. Wurden, J. Nucl. Mat2e0, 757 (2002.

imaging technique for 2D visualization of edge plasma tur-sg, | Boivin, J. W. Hughes, B. LaBombard, D. Mossessian, and J. L.
bulence in the Alcator C-Mod tokamak. These images show Terry, Rev. Sci. Instrum72, 961 (2002.

a highly turbulent structure in the radial vs poloidal planems-gg- Zweben, J. McChesney, and R. W. Gould, Nucl. Fugign825
perpendicular to the main magnetic field near the outer midzs,\i E?]'dler’ H. Neidermeyer, L. Giannone, E. Holzhauer, A. Rudyj, G.
plane separatrix. A statistical analysis of the images shows atheimer, and N. Tsois, Nucl. Fusi@5, 1307(1995.

mean poloidal correlation length df,,~0.85+0.2cm in  '°S.J. Zweben and S. S. Medley, Phys. Fluid,E2058(1989.

17 L .
the e region extending from roughlv 2 cm outside to 1 cm B LaBombard, R. L. Boivin, M. Greenwald, J. Hughes, B. Lipschultz, D.
e dge gion exte d g fromroughly = cm ous oLc Mossessian, C. S. Pitcher, J. L. Terry, and S. J. Zweben, Phys. Pl&mas

inside the separatrix. This size scale agrees fairly well with 5147 2001,
the edge turbulence simulation resultlgf,~0.6=0.1 cm.  *®D. p. Stotler, C. S. Pitcher, C. J. Boswell, T. K. Chung, B. LaBombard, B.
The motion of this 2D structure was also captured using an Lipschultz, J. L. Terry, and R. J. Kanzleiter, J. Nucl. Ma290-293 967

- ; - 2009).
ultrahigh speed camera and often showed isolated maxima M. A. Meier, R. D. Bengtson, G. A. Hallock, and A. J. Wootton, Phys.

“blobs” moving through the plasma edge. Rev. Lett.87, 085003(2001).
There are many avenues for improvement on the preseftr. Auguste, M. Bougeard, E. Caprin, P. D'Oliviera, and P. Monot, Rev.
results. In the area of diagnostics, the relativeand T, Sci. Instrum.70, 2349(1999.

21, - . .
. . . . . M. A. Pedrosa, |. Garcia-Cortez, B. Branas, R. Balbin, C. Hidalgo, L.
fluctuations mlght be measured by imaging two different Schmitz, G. Tynan, A. Post-Zwicker, and the PBX-M Team, Phys. Plasmas

spectral lines simultaneously, while the motion of the turbu- > 2618(1995.
lence could be seen better using a new 312-frame ultrafastB. Kurzan, S. D. Hempel, E. Holzhauer, B. Scott, F. Serra, W. Suttrop, and
camera being developed by PSI. Experimentally, it would beA- Z&iler, Plasma Phys. Controlied Fusié, 237 (2000.

S . . . C. E. Bushet al, “Evolution and termination of H-modes in NSTX,” to
useful to extend the GPI viewing region a bit farther inward | published in Plasma Phys. Controlled Fusion.

to better characterize tit¢-mode barrier region and the den- 243 | owrance and W. F. Kosonocky, Proc. SF859 405 (1997.
sity limit. Finally, the comparisons with theory could be im- #0. Grulke, F. Greiner, T. Klinger, and A. Piel, Plasma Phys. Controlled

proved by doing systematic scaling experiments along with g,Fusion43, 525(200D.
. . . G. Y. Antar, S. I. Krasheninnikov, P. Devynck, R. P. Doerner, E. M. Holl-
more detailed analysis of the structure and motion of the - ;"\ Bicdo. S. C. Luckhardt and R. W. Conn Phys. Rev. &tt.

turbulence. With these and other relatively straightforward 065001(2003).

techniques it should be possible to understand the physics 68. A. Boedo, D. Rudakov, R. Moyat al, Phys. Plasma8, 4826(2002).

edge turbulence in tokamaks %8B, A. Carreras, V. E. Lynch, and B. LaBombard, Phys. PlasB)a702
: (2001).

293, J. Zweben, Phys. Fluid8, 974 (1985.

ACKNOWLEDGMENTS 303, 1. Krasheninnikov, Phys. Lett. 283 368 (2001).

. . 31D, D'Ippolito, J. R. Myra, and S. I. Krasheninnikov, Phys. Plasi®a222
The authors acknowledge valuable discussions and sup-2ggy.

port for this work from G. Antar, J. Boedo, R. Boivin, D. ®2v. Sarazin and Ph. Ghendrih, Phys. Plast524214(1998.

Downloaded 12 Jul 2002 to 198.35.7.205. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



