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The gas puff imagindGPI) diagnostic can be used to study the turbulence present at the edge of
magnetically confined plasmas. In this diagnostic the instantaneous two-dimer{8Dheddial vs

poloidal structure of the turbulence is measured using fast-gated cameras and discrete fast chords.
By imaging a controlled neutral gas puff, of typically helium or deuterium, the brightness and
contrast of the turbulent emission fluctuations are increased and the structure can be measured
independently of natural gas recycling. In addition, recent advances in ultrafast framing cameras
allow the turbulence to be followed in time. The gas puff itself does not perturb the edge turbulence
and the neutral gas does not introduce fluctuations in the emission that could possibly arise from a
nonsmooth (turbulen} neutral gas puff. Results from neutral transport and atomic physics
simulations using the DEGAS 2 code are discussed showing that the observed line emission is
sensitive to modulations in both the electron density and the electron temperature. The GPI
diagnostic implementation in the National Spherical Torus Experirfié8T X) and Alcator C-Mod
tokamak is presented together with example results from these two experimen2@03American
Institute of Physics.[DOI: 10.1063/1.1535249

I. INTRODUCTION fined plasmas is modulated, in principle, by both the local
] ~ temperature and density fluctuations. This visible emission

Plasma turbulence at the edge of magnetically confineg,oy neytral atoms recycled from the vessel walls, is also
plasmas has been previously observed as broadband fluctygsyengent on the amount of recycling. In the GPI diagnostic,

Eons n .VIS'blg l%%ht gngssmﬁ, as yvell as ;neasuredsvgnh a controlled neutral gas puff, of typically helium or deute-
angmuir probes”and beam emission SpectrosCapyES. rium, is injected at the edge of the torus and the visible light

The transport at the edge and across the scrape-off Iayeermission from the gas clougfel line at 587.6 nm ob , line

depends on the level and characteristics of this turbulencé . . .
at 656.2 nm is then imaged with short exposures, shorter

and, consequently, so do the edge temperature and densfﬁan the autocorrelation time of the turbulence. The images

The edge conditions then may affect the core confinemen i 9

through their effect on edge gradients and gradient driveﬁ)btained,typically in the radial vs poloidal plane, correspond
instabilities such as drift waves. Possibly, also, the edge tythen directly to the instantaneous structure of the turbulence,
bulence may play an importaﬁt role in high,confinementWithOUt the need to infer this structure from statistical corre-

physics(i.e., H-mode physigswhere steep edge pedestals in lations between a small number of measurements such as

the temperature and density form within the closed field ling0S€ of Langmuir probes. In addition, if the framing rate of
region in proximity to the separatrix. The ubiquitous edgethe camera employed is faster than the lifetime of the turbu-

DIII-D, ® NSTX,? and other devicds''%is also conjectured to turbulence can be followed. Recent advances in CCD detec-

be related to density limit observed with very similar scalingtor technology allows the turbulence to be followed in this

in devices as diverse as large aspect ratio tokamaks, spherigagnner without the need for mechanical framing cameras or

tori, and reversed field pinches. In this paper we present gahemical emulsion films.

new diagnostic, termed gas puff imagit@PJ), that can be GPI diagnostics have been implemented in both the Na-

employed to study edge turbulence. tional Spherical Torus Experime(MiSTX) (Ref. 11 and the
The visible emission from the edge of toroidally con- high aspect ratio Alcator C-Mod tokamé&k.The setup in
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both of these toroidal devices is presented in Sec. Il togethe ;
with some discussion on diagnostics issues such as resoluf.
tion and image interpretation, which are closely related to the g
atomic physics for the gas being puffed. Some results from
NSTX and Alcator C-mod are given in Sec. lll. The article
concludes with a summary and discussion of the advantages
and difficulties of the GPI diagnostics, relative to other diag-
nostics employed in the study of edge turbulence.

LAETTT]

MO P

Il. THE GAS PUFF IMAGING DIAGNOSTIC

In the GPI diagnostic a neutral gas, typically helium or
deuterium, is puffed at the edge of the torus and the visible
line emission from the gas cloud, for example, the Hel line at ;4
587.6 nm orD, at 656.2 nm, is imaged by means of fast- || | Manifold
framing cameras and linear detector arrays. These measurciEe
ments are performed with high spatial resolution and em-
ploying individual frame exposuregime resolution for the
case of the detector arrgyshorter than the autocorrelation
time of the turbulent structures. This emission, under the
collisional radiative approximation, and assuming negligible
time-dependent effects, will depend on the local electron
densityn, and temperaturé, as

S(photons/s M) =n,f(ne,Te)A, )

wheren, is the local neutral density is the radiative decay
rate for the observed line, anfdn,,T,) is a function that
gives the density ratio between neutrals in the upper state of
the transition to those in the ground state. The decayAate
being much larger than the inverse of the autocorrelation
time of the fluctuationgwhich is typically greater than 10
us), ensures that the emission observed corresponds to thg
local plasma parameters. The dependencengrand T,
through the functiori, modulates the line emission according
to the fluctuations in both these two plasma parameters. The
actual dependence, obtained from modeling the collisional "
and radiative processes affecting the individual excited statesc. 1. (color) Gas puff imaging diagnostic setup in NSTX. The in-vessel
of the neutral gas, will be discussed in Sec. IIB. components of the setup, including the re-entrant viewing port and the linear
Of particular importance for the success of GPI as &as manifold can be seen (a). The emission from the elongated gas cloud

; . . oduced by the manifold is imaged along the direction of the local mag-
dlagnostlc for edge turbulence are the assumptions that ﬂﬁ tic field line.(b) shows an image of the gas cloud, obtained with aug4

gas puff does not perturb the edge turbulence significantlyxposure and a Hel interference fili&87.6 nm, as observed from a win-
and that the neutral gas does not introduce fluctuationgow on the opposite site of the vesgshot 108975 The structure seen on

through the neutral densitp, in Eq. (1). Both of these as- the neutral line emission follows the local field line.
sumptions will be justified later on in this section.
It has been observed, and reported elsewh&tehat the
turbulence correlation length along the magnetic field lines issnd major radiufR=85 cm that operates at toroidal mag-
much longer that the correlation length in the transverse dinetic fields typically in the 0.3-0.45 T range. The in-vessel
rections, i.e., radial and poloidal directions. Consequentlygdiagnostic setup in NSTX can be seen in Fig)1The gas is
the most interesting plane to observe the turbulence is on thigjected through a 29 cm long pipe with 30 equally spaced, 1
radial vs poloidal plane, that is, observe the gas puff emismm diam holes on its plasma facing side. The elongated
sion with a line of sight parallel to the local magnetic field at emitting gas cloud, that is then located just above the mid-
the gas cloud. We briefly describe below the hardware impleplane on the low field side of the torus, is imaged through a
mented in the National Spherical Torus Experim@i$TX)  re-entrant window placed so that the gas cloud is observed
and the Alcator C-Mod tokamak that allows GPI measure-along a field line when the experiment is run at 0.9 MA of
ments to be performed in these two devices. toroidal plasma current and 0.35 T of toroidal field;-d2°
angle respect to horizontal. The window is shuttered off dur-
ing glow discharge cleaning and boronization to avoid coat-
A gas puff imaging diagnostic has been developed foiings being deposited on its surface. A 30 B0 cm (ap-
NSTX, a low aspect ratio tokamakninor radiusa=67 cm  prox,) viewing area at the gas cloud plane is imaged into a

-,
=
-,

A. Diagnostic setup
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TABLE I. Imaging cameras used in NSTX and Alcator C-Mod.

Xybion Kodak Phantom

(analog EM1012 v.4 PSI-3 PSI-£
Intensified Yes Yes YefLS-3) No No
Array size 640x240 239192 512x512 64x64 160<80
(pixels)
Frame speed 60 1000 1000 <5000 000 =<1 000 000
(frames/$
Max. speed 6000 32000
(frames/$
Frame (video) 1638 4000 12 28
storage
Usage C-Mod NSTX NSTX C-Mod NSTX

#Princeton Scientific Instruments.

400 pixelx400 pixel coherent fiber optic bundle. The othering the current flat-top of the plasma discharge. The gas
end of this bundle is then imaged either into fast-gated cameloud produced in this manner has, in the vicinity of the
eras or a linear array of 7 photomultiplier tubes with the useseparatrix, a~6 cm (FWHM) extension along the field line
of a beamsplitter. Each of these 7 tubes is used then to recodirection.
the emission from an-2 cm diam area of the gas cloud Several different imaging cameras have been used in
along a radial chord of the plasma with100 kHz band- NSTX and Alcator C-Mod to capture the instantaneous 2D
width. (This array of 7 tubes was later upgraded to 13 tubesadial vs poloidal, structure of the neutral gas emission. The
in a radial-poloidal cross pattejnHelium, deuterium, and main characteristics of these cameras can be seen in Table I.
argon have been puffed in NSTX, although only results in HeWhile the framing speed of these cameras range from 60
will be shown in this article. An interference filter centered atframes/s in the case of the intensified Xybion video camera
587.6 nm is used to select thé3—2 3P Hel line transition  to 1 000 000 frame/s in the devices from Princeton Scientific
at this wavelength. Typically, a helium influx 6f6x10°°  Instruments, a common ability of these cameras is that the
atoms/s is injected for about50 ms. Figure (b) show an  exposure of each frame can be reduced tqusQor shorter
image of the He gas cloud as observed from a window loand in this way “freeze” the turbulence.
cated ~180° toroidally, opposite to the gas manifold. The The ultrafast PSI-3 and PSI-4 cameras allow the turbu-
shadow of the 20 cm radius center column of NSTX can bdence to be followed in time producing “moving” image
seen on the left side of this image. The re-entrant windowsequences and not just uncorrelated snapshots like those ob-
used for GPI is located towards the bottom right of this im-tained at much smaller framing speeds. The special CCD in
age, although not in its field of view. The structure of the Helthe PSI cameras has the facility of storing the images within
emission seen in this figure is oriented along the magnetithe sensor itself, thus circumventing the bandwidth problems
field direction at the gas cloud location and the time-normally associated with digitizing the array and storing the
averaged emission is24 cm wide(FWHM) along this di- data in memory banks common to high frame-rate digital
rection. cameras such as the Kodak EM1012 and Phantom v.4. Each
The GPI system in Alcator C-Mod is in many ways simi- pixel of the PSI cameras consists of a photodetector and a
lar to that in NSTX.(A schematic view of the in-vessel hard- CCD-type charge-storage memory array. In each clock cycle
ware can be seen in Fig. 1 of Ref)8he gas is puffed of the camera, photoelectrons generated by the photodetector
radially into the edge of the plasma through a single-point Jare shifted into the adjacent charge storage sites of the pixel's
mm diam nozzle rather than an elongated, multihole manimemory array, thereby acquiring a frame. Once the acquisi-
fold. The gas cloud is viewed with an in-vessel telescopdion is completed, the charge in the storage sites is digitized
aimed at the puff from a direction along the local magneticat a slower rate. Although the PSI cameras are not intensi-
filed line (~11° respect to horizontalAn area of approxi- fied, their net quantum efficiency 0f30% at the wave-
mately 6 cmx6 cm just below the midplane is imaged, lengths of interest allow short exposurés10 us) to be
through a small window, onto the 400 pixe400 pixel co- used.
herent fiber optic bundle. The fast-gated camera then images
the other end of this bundle. A separate in-vessel telescopg
and three discrete optical fibers are used to capture, using
fast photodiodes and high-gain broadband amplifiers, the The spatial resolution of the optical system is 2—3 mm at
time evolution of the emission in 3.5 mm diam spots locatedhe gas puff plane in both NSTX and Alcator C-Mod. Nev-
radially along the gas cloud. Both deuterium and heliumertheless, as the emitting cloud extends toroidally, and with it
have been used as puffed gases in Alcator C-Mod. Neverthe¢he embedded turbulent structure, due to the curvature of the
less, only results wit, will be presented in this paper and, flux surfaces in the plasma the observed structures will po-
in this case, interference filters for tbe, line (656.2 nm are  tentially extend radially degrading the radial resolution. In a
used in both the imaging camera and discrete viewingimilar way if the line of sight is not parallel to the local
chords. Typically 18°—10?° atoms/s are puffed steadily dur- magnetic field line direction, there can be loss of poloidal

Diagnostic issues
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resolution when observing the turbulent structures which lies
along this field line. Both of these loss-of-resolution effects
are bigger the larger the neutral gas cloud is in the direction
line of sight direction. In the case of NSTX the gas pulff
manifold is 15-20 cm from the plasma edge and conse-
qguently, as seen in connection with Figbjlthe gas cloud
extends~24 cm along the line of sightvhich is close to the 0
field line directiorn). As a result the radial resolution degrades 0.34 0.35 0.36
to <3 cm radially. On the other hand, if the plasma current Time (s)

and toroidal field are selected so that the pitch angle at the
gas cloud is close to the-42° from which the gas cloud is
observed the poloidal resolution remains close to the 3 mm
dictated by the optical system. In Alcator C-Mod, the gas
puff nozzle is much closer to the plasma edg&.5 cm and
hence the gas cloud extends onh6 cm along the line of
sight. This extent is not large enough to produce any substan-
tial degradation in the radial and poloidal resolutions, as long !
as the pitch angle at the gas cloud remains close to the 11° 3 10 100

respect to horizontal for which the hardware is optimi¢ed. Frequency (kHz)

Akey assumptlon. for the success of GPl as a d_lagn()StIEIG. 2. Similar frequency spectra are seen in NSTX as the helium gas puff
for edge turbulence is that neutral gas does not introducg established, giving support to the assumption that the puff does not affect
fluctuations through the neutral dengityor, in other words, nor produce fluctuations. Top trace is the raw signal from a discrete fast
that the neutral density is smooth within the gas cloud. By:hord looking &a 2 cm ‘spot” on the emitting gas clou¢shot 109036 The

. . . . T bottom traces correspond to the frequency spectra at a low flov(Ineaad
looking at images such as that in FighlLand similar ones  , high flow rate(2).
obtained with exposures a factor 3 shorter, one can see that
this assumption is justified. The structure observed in the
emission in these images is aligned with the magnetic fieldC-Mod and over a factor 5 in NSTX. An example of this lack
and corresponds to fluctuations in the electron density andf perturbation can be seen in Fig. 2, where the frequency
temperature. No structure is seen along the field line direcspectra at two different time intervals while the gas pulff is
tion where fluctuations due to the neutral density should bdeing established in NSTX show very similar characteristics,
discernable. Along the field line direction only an emissionwith the possible exception of a higher contribution of high
distribution resembling a Gaussian has been observed corrfequency noise in the trace corresponding to the low flow
sponding to the gas flow pattern from the nozzle or the openrate. Third, no significant change in the fluctuation was seen
ings in the linear manifold. A similar result was obtained in by a Langmuir probe in Alcator C-Mod that was located at
experiments that characterized neutral gas flow from nozzlethe same minor radius as the GPI cloud with and without the
into vacuum for laser-gas interaction resedftn these ex- gas puff present. It should be pointed out that although the
periments too very smooth spatial distributions in the neutraprobe was at the same flux surface as the gas cloud, the
gas density were inferred. The basic physics behind theggrobe was not necessarily on the same magnetic field line.
smooth distributions may be that the neutral gas flow beThe physical explanation for these results which indicate an
comes collisionless just past the nozzle or openings andbsence of perturbation at the puff levels used in the experi-
hence any density gradients or structure that the neutral dements may be based in the fact that the turbulent structures
sity may have at the nozzle tip is smoothed out by the ranare elongated along the magnetic field with at least several
dom velocity distribution by the time the atoms get to themeters of length. Consequently, they posses a substantial res-
plasma edge. ervoir of energy and particle “sink” to quickly accommo-

Also key to the success of GPI as a diagnostic for edgelate, i.e., parallel transport along field lines, any extra re-
turbulence is the assumption that the neutral gas puff doeguirements for energy(ionization and/or radiation or
not affect nor produce fluctuations. One possible mechanisrparallel convection of the ionized puff gas particles. The par-
for this may be due to increased energy losses due to ionizallel energy loss or particle gain within the turbulent struc-
tion and/or radiation. Nevertheless there is ample empiricalure can also be balanced almost completely by radial trans-
evidence that the gas puff does NOT affect the edge turbysort between the core and the elongated structure. A radiative
lence being diagnosed. In first place, it was observed in Alenergy loss of-1 kW within the gas cloud is negligible with
cator C-Mod that the frequency spectrum of g fluctua-  respect to the power flow into that volume.
tions as measured by the fast diodes is similar to the The DEGAS 2 Monte Carlo neutral transport cbtieas
spectrum of fluctuations in the ion saturation current meabeen used together with a collisional-radiative model to
sured by a Langmuir probe at the same radeee, for in- study the dependence of the line emission on the electron
stance, Fig. 5 of Ref.)8 Second, the spatial structure, fre- density and temperature and to evaluate the sensitivity of the
quency spectrum, and relative fluctuation levels of the gasine emission to variations in these to plasma parameters. In
cloud emission did not vary significantly when the gas flowaddition, the DEGAS 2 code considers in the case of a deu-
rate was varied over the 18-10?° atoms/s range in Alcator terium as puff not only the atomic physics for the neutral

' Hel light (587.6 nm)

PMT signal (V)
N

0.01

Amplitude ( rel.)

0.001
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; 0.770.5
(a) 104 nm varies asSxng ‘Tg”, whereas near the peak of tikg,

emission(Alcator C-Mod the local emissivity varies aS
o n0-670:5
e e *
Despite this complicated relationship, DEGAS 2 simula-

those in the subjacent electron fluctuations either if the den-
sity or temperature have dominant fluctuations or if the fluc-
tuations in these to parameters are in phase. Another result
from DEGAS 2 simulations for the case of deuterium is that
“shadowing,” that is, the depletion of the neutral gas flow
fox:! / F I due to a localized higher ionization rate upstream of the flow,
100 although present is not a significant effect if only emission
from atoms is considered.In this case the emission down-
(b) R R stream can be affected by-a20% at most for a 50% modu-
' D ! ' . lation in the electron density respect to the time-averaged

profiles. Nevertheless, the inclusion of line emission from

E excited deuterium atoms while still in molecular state, due to
-3 its strong dependence on the electron temperature, increases

] the shadowing effect to over 50%. Shadowing studies have

107 E tions have shown that the spatial structures imposed as per-
) ™ turbations onn, and/or T, can be observed in the corre-
< . sponding line emission. As a consequence of this, analysis of
@C/ 106 e the emission should yield similar wave number spectra than

1077

103 -

\? [ i not yet been performed for helium puffs but it is expected
= A that the results will be similar to the deuterium case without
c 10 molecular effects, i.e., shadowing not significant.

Simulations with DEGAS 2 have resulted in the basic
understanding between the relationships between the line
emission and the electron density and temperature described
above. Work with these simulations continues to incorporate
100 several aspects that may be relevant to the interpretation of

T.(eV) GPI diagnostic data. DEGAS 2 currently assumes toroidal
symmetry while the real GPI gas puffs are localized toroi-
FIG. 3. Dependence of the line emission rates on the electron temperatugally. The 3D geometry needs to be incorporated into the
(Te) and electron densitynt) for (a) Hel line at 587.6 nmib) D, line at — cqde and their effect on the emission analyzed. In a similar
656.2 nm. The ordinates represent the ratio of the densities between the . .
upper state of the line transition to the ground state. Fluctuations in the lindVay, metastable helium states are not currently included,
emission can result from either fluctuations Bpor n,. which may affect the Hel emission. Finally, DEGAS 2
should be applied to results from edge turbulence simulation
in a time-dependent manner. In this way the line emission at

deuterium atoms but the emission from the dissociabrg each instant in time of the turbulence simulation can be cal-
molecule if excited during the collisioriFurther details re- culated from the perturbed electron density and temperature
garding the simulation oD, injection into Alcator C-Mod 2D profiles, including shadowing effects. The time evolving
plasmas can be seen in Ref.)1Bigure 3 shows the depen- 2D line emission profiles can then be projected into “im-
dence of the Hel emission at 587.6 riNSTX) and of the ages’ similar to those produced in the experiment by means
Da emission(A'Cator C_Mod as a function of the electron of the GPI diagnOStiC. The simulated imageS will then natu-
temperature and parameterized for four different electropally contain the loss-of-resolution effects described above
densities. The ordinate in both these graphs represents ti@@d the reduced data from these imaffesquency spectra,
ratio of the densities between the upper state of the transitiopPatialk-number spectra correlation analysis, turbulent flow
to the ground statg.e., the functiorf(n,, T,) of Eq.(1)]. As analysis, etg.can be compared to those obtained from the
can be seen in this figure, fluctuations in the line emission ofP! diagnostic and their associated discrete fast chords.
Hel or D, can result from either density or temperature fluc-

tuations(or both. Furthermore, the sensitivity on the elec-

tron density and temperature varies through the scrape-offi ResuLTs

layer and the edge. The actual dependence of this sensitivity

change depends on the actual electron profiles but in general In this section we present some typical results from both
as one moves radially inward through the scrape-off layeNSTX and Alcator C-Mod. These results do not intend to be
and into the core, finding increasing the electron densitiesomplete nor to give a full description of the physical phe-
and temperatures, the line emission becomes less sensitiveriomena involved since this would be beyond the scope of
both the electron density and temperature. Near the peak dfie current paper but to illustrate the physics issues that can
light emission in NSTX the local emissivity of Hel at 587.6 be studied with the help of GPI.

10
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FIG. 4. (Color) Sequences of uncorrelated U3 snapshots of Hel emissiqd87.6 nm from a gas puff in NSTX. The sequences corresponds to two
discharges with 0.9 MA of plasma current and 0.35 T of toroidal field. While the sequeK@evias obtained during low confinement regifkemode, shot
108321, the sequence itb) corresponds to high confinement regithkmode, shot 108316The line emission from the H-mode discharge appears narrower
and smoother than that of the L-mode discharge. The separatrix location is indicated with a white line, the core is located to the bottom leftsgreddfie scr
layer is to the top right.

Snapshots of the gas puff emission from the edge otharacteristically intermittent featurgsr “blobs”) in the
NSTX are shown in Fig. 4 corresponding to two dischargesscrape-off layer, the incidence of blobs in H-mode discharges
with 0.9 MA of plasma current and 0.35 T of toroidal field. is much smaller with blobless images being more prevalent
These snapshots were obtained with the Phantom v.4 digitdhan those where blobs can be seen. The intermittent fluctua-
camera running at 1000 frames/s and withylexposure of tions in the scrape-off layer represent a 100% modulation,
each frame. In the discharge in Figajtthe plasma has not while the more Gaussian fluctuations seen at the edge have
yet accessed the high confinement regime or H-mode, whilgypically a ~20% modulation respect to the average value.
in the discharge in Fig. (%) the snapshots shown were ob- Using the PSI-3or PSI-4 camera and taking the 128)
tained while the plasma was in H-mode. The time intervalsuccessive frames at a high frame ratelQ0 kH2, the dy-
between frameg1l mg in these two sequences is much namics of the turbulence can be followed for a short period
longer than the autocorrelation time of the turbulence anaf time. In these movies the turbulent features often appear
hence the images for each shot constitute snapshots of the be born near the separatrix and propagate predominantly
turbulence with no correlation between one frame and theutward and poloidally. Six sequential images showing ex-
next one. Clear differences can be observed between thesenples of this in Alcator C-Mod can be seen in Fig. 5. The
two discharges which are characteristic for low confinementarger(~1 cm) features move about 1 diam in an autocorre-
regime (L-mode and H-mode discharges: the line emissionlation time (~20 us), at speeds up t6-0.5 m/ms. In some
from the H-mode discharges: the line emission from thecases, they appear as eddies, turning over once in a lifetime.
H-mode discharge appears narrower and smoother than thiat other cases “coherent,” propagated wavelike patterns are
of the L-mode discharge. The narrow emission region obseen, qualitatively similar to some of the NSTX observa-
served in H-mode discharges is mainly due to narrower timetions. (A more complete analysis of GPI data from Alcator
averaged edge plasma profiles as simulated using DEGAS@-Mod can be seen in Ref.)8.
using the time-averaged electron density and temperature In contrast to the clear differences in the NSTX images
profiles. While it is observed that L-mode discharges havaaken during the L- and H-mode confinement phases, in
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and BES measurements. Nevertheless some measurements
can only be obtained through GPl. Among these measure-
ments is the complex movement of the 2D edge structure.
This movement shows velocity patterns that indicate com-
plex flows at the edge, which may be related to zonal flows.
On the other hand, GPI suffers the limitation that it is con-
strained to the narrow region where the selected line emis-
sion is present. In its current incarnation it is limited to the
edge and scrape-off layer in the vicinity of the separatrix.
This limitation does not apply to BES, although it very much
applies to Langmuir probes although for different reasons,
i.e., probe survival. In comparison to BES, GPI is simpler.
Finally, gas puff imaging can became a very important
tool to benchmark the constantly developing 3D nonlinear
electromagnetic codes used for edge turbulence simulations.
-« radially cutward Among these 3D nonlinear turbulence codes are the DBM
code of Hallastschék and Roger€ and BOUT code of
FIG. 5. (Colpr) Six successive frames of a 250 kHz movie showing the | |\ 19 Initial comparisons with these simulations are cer-
space and time evolution of the edge turbulence in Alcator C-Nibubt . . 8920 .
101072601k The black line shows the separatrix. The arrows show move-ta'nly encouragmﬁ: These and/or other 3D nonlinear elec-
ment of two “blobs,” one moving outwardtoward the vessel walland ~ tromagnetic codes are essential in the understanding of the
upward, th(_e other moving outward and down. Both arrows remain in thephysical processes leading to the edge turbulence, its evolu-
same position frame-to-frame. tion, and its eventual control.

separatrix

C-Mod no obvious differences in the spatial structure of the
scrape-off turbulence between L- and H-mode are observed.
It is hypothesized that this is a result of a difference in the  This work was supported by the U.S. DOE Contract
emission location in the two devices. On C-Mod the higherNgs. W-7405-ENG-36, DE-AC02-CHO3073, and DE-FC02-
edge densitieén both L- and H-modgresult in almost all of 99ER54512.

the emission coming from the scrape-off layer and very little

emission coming from the transport barrier regieti cm

inside the separatrix. On NSTX the lower scrape-off densityJ. L. Terry, R. Maqueda, C. S. Pitcher, S. J. Zweben, B. LaBombard, E. S.
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