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Fast-framing images of CIII and D, emission in the low-field-side plasma boundary of the DIII-D
tokamak [J. L. Luxon, Nucl. Fusion 42, 614 (2002)] show that edge localized modes (ELMs)
rapidly eject multiple field-aligned filaments from the plasma edge. The toroidal and poloidal mode
numbers of these filaments depend on normalized plasma density, with measured ELM toroidal
mode numbers ranging from <10 to 20 in low-density plasmas and 15 to 35 in high-density
plasmas. In high-density plasmas with moderate collisionality v*e 4=0-50, ELMs originate at the
low-field-side midplane region and the ion parallel velocity in the scrape-off layer is faster for ELMs
with larger D, divertor emission, suggesting that large ELMs eject higher-temperature ions from
deeper within the plasma compared to small ELMs. In low-density plasmas with collisionality
v:e ,=0.25, the midplane and divertor ELM signals appear simultaneously, indicating that ELM
behavior depends on collisionality. At all v*e " ELMs drive parallel fluxes to the divertor; in addition,
ELM:s drive cross-field propagation of filaments, which results in plasma-wall interactions that are
poloidally localized within 15 cm of the midplane. Using the wall interactions as signatures of the
filaments in the scrape-off layer, the measured poloidal width of the filament ranges from

1 to 5 cm. © 2008 American Institute of Physics. [DOI: 10.1063/1.2898404]

I. INTRODUCTION

Edge localized modes (ELMs)' ™ are an important area
of research because of their potentially damaging effects on
plasma facing components in ITER and because ELMs limit
the pressure pedestal height, which in turn affects overall
fusion performance in a tokamak. ELMs are repetitive events
observed during enhanced tokamak confinement regimes
(H-mode)* that result in the rapid loss of particles and heat
from the plasma edge. Plasma ejected into the scrape-off
layer (SOL) is transported along field lines to the divertor
and also across field lines resulting in plasma-surface inter-
actions at the outer wall for sufficiently large radial particle
fluxes. A typical ELM occurs on a fast time scale
(200 us—1 ms), and the transient peak power deposited by
ELMs may exceed the material limits in future tokamaks.
According to current modeling and experimental observa-
tions, a carbon or tungsten divertor in ITER will be able to
tolerate an acceptable number of ELMs (>10°) if the ELM-
induced pedestal energy loss AWg; \/ Wpgp is 15% or less,’
where the pedestal energy Wpgp is defined as 3/2 the pedes-
tal pressure times the plasma volume. Existing observations
of AWgpm/Wpgp range from <5% to 40%, with a higher
pedestal energy loss at lower collisionality.6 Therefore, com-
plete physics understanding of the instabilities that drive
ELMs, the filament radial propagation and parallel transport
of particles, and the ELM deposition and erosion processes
are needed to accurately predict the impact of ELMs in fu-
ture tokamaks. In addition, ELM-like bursts are observed in
stellarators,  which may provide additional clues to the un-
derlying physics of ELMs.

ELMs have been studied extensively in DIII-D,IO*13
Mega Ampere Spherical Tokamak (MAST),'*'"> Axially
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Symmetric Divertor Experiment (ASDEX) Upgratde,m’17
Alcator C-Mod,'®"  Joint European Torus (JET), 2%
National Spherical Torus Experiment (NSTX),*** Japan
Atomic Energy Research Institute Tokamak-60 Upgrade
(JT-60U),** and elsewhere using Langmuir probes, photo-
diodes, magnetic probes, and optical imaging. The broad
spatial coverage provided by irnagingﬁf29 has proven ex-
tremely useful in understanding the global structure of
ELMs, and fast imaging allows dynamics to be studied in
detail. Here we expand on previous measurements and
present fast-framed midplane images of ELMs in the low-
field plasma edge of the DIII-D tokamak. We find that ELMs
are helical filamentary structures that rotate and rapidly ex-
pand radially during the nonlinear phase known as the ELM
crash. The inferred toroidal mode number n ranges from
<10 to 35, and the mode number depends on plasma
density.30 The poloidal width of the filament ranges from
1to5 cm, and cross-field transport results in ELM-wall
interactions®' that are localized to within +15 cm of the
midplane. The measured time delay of the ELM signal be-
tween the midplane and divertor shows a qualitative differ-
ence in ELM behavior in low- and high-density regimes, and
the data suggest ELMs may be caused by a current-driven
peeling instability at low density and a coupled peeling-
ballooning instability at high density.

Il. EXPERIMENTAL SETUP

The experiments presented here utilize a lower single-
null plasma configuration with plasma current 1,
=1.0-1.6 MA and toroidal field By=2 T at the magnetic
axis with major radius R=1.8 m and mean minor radius

(a)=0.6 m. Injected neutral beam power is Pyg;=5-9 MW.

© 2008 American Institute of Physics
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The fast camera is located approximately 2 m from the ves-
sel due to space limitations and neutron shielding require-
ments. Figure 1(a) shows the semitangential view of the
plasma emission viewed through a midplane window at tor-
oidal angle ¢$=90 deg. An objective lens focuses the light
onto the front face of an 8 X 10 mm coherent fiber-optic
bundle. Over time, fusion neutrons degrade the transmission
of the fiber bundle, particularly in the blue range of the vis-
ible spectrum, requiring that the bundle be periodically re-
placed. Light coming out the back of the fiber bundle is
collimated and passed through an optical filter, and focused
onto a Vision Research Phantom v7.1 camera CMOS detec-
tor. The spatial resolution of the detector is typically
256256 with 1 pixel imaging 0.1-0.5 cm?, depending on
the location within the field of view. At this resolution, the
camera is capable of storing 21685 frames from one continu-
ous movie with a maximum frame rate of 26000 frames/s.
Typical bandpass filters used here include central wave-
lengths of 465 nm for CIII emission and 656 nm for D,
emission. Figure 1(b) shows the line of sight for separate
photodiode measurements of D, light from the inner di-
vertor. These measurements are compared to the outer-
midplane fast camera measurements and are used to calculate
the parallel propagation time of ELMs in the SOL. The un-
filtered camera view inside the DIII-D vessel is shown in
Fig. 1(c), with the rf antenna at ¢»=0 and the neutral beam
injection (NBI) port at ¢=30 deg.

lll. ELM IMAGES

Figure 2(a) shows images of an ELM-driven plasma in
CIII light at four successive times marked in Fig. 2(b). Light
from CIII emission is due to excitation of inherent carbon in
the SOL from the carbon wall tiles,3 2 and the tangential view
of CIII emission provides direct visualization of the plasma
edge. The low signal level in CIII light limits the frame rate
to <5000 frames/s, and here the exposure time is 180 us
with electron pedestal density n, ;.q=5.5 X 10"% cm™.

The first image of Fig. 2(a) shows that ELMs begin with
a poloidally and toroidally localized unstable filament or
group of filaments that bulges radially outward near the low-
field-side midplane. The first image was created by subtract-
ing a 150-frame average background inter-ELM image,
showing only the perturbation with a maximum color scale
equal to 1/5 that of the other three images. A dominant fila-
ment can be seen in the foreground of the first image, with an
apparent pitch angle opposite that of the filaments seen in the

rf antenna

0=0°
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NBI port

30° FIG. 1. (Color online) Top view (a)
and side view (b) of the tokamak show
the fast camera viewing angle and ver-
tical field-of-view, which covers ap-
proximately 90 cm. (c) The camera
view inside DIII-D. The plasma shape
in (b) corresponds to the high plasma
density cases presented in the paper.

background (near the wall in the other images) because this
foreground filament is located immediately in front of the
viewport at ¢=90 deg. The observed filament pitch angle is
roughly consistent with the magnetic field pitch angle ex-
pected from edge EFIT* equilibrium reconstruction values.
During the nonlinear phase of the ELM (images 2 and 3),
filaments convectively move radially outward at a mean ve-
locity (v,)~500*400 m/s (measured from camera imag-
ing) through the SOL after ejection from the plasma edge.
The radial displacement of the tangential emission region is
seen by comparing the vertical dashed line in the first and
third images. The integrated emission increases by a factor of
2 to 4 as particles are ejected outward and excite CIII ions
that exist in the SOL region, which corresponds to a tempera-
ture range of 7,~6-10 eV in DII-D.*

Figure 2(b) shows the ELM time signal obtained by in-
tegrating the CIII emission intensity from all pixels within
each camera frame, and the D, signal (dashed) measured at
the inner divertor is shown for reference. Comparing these
signals (Sec. V) indicates that the ELM originates at the
outer-midplane, in agreement with previous fast bolometer
analysis,35 and supporting the theoretical picture of ELMs
driven by the peeling-ballooning instability.%’37 However, in
lower collisionality plasmas, the peak midplane and divertor
ELM signals appear simultaneously, possibly indicating a
more poloidally symmetric mode structure for the large
ELMs seen in low-density plasmas.

Sequential images in D, light during a typical ELM-wall
interaction are shown in Fig. 3(a), with exposure time of
31 ws. In the inter-ELM quiet phase shown in the first im-
age, the tangential emission region is faintly visible at the
right side of the image. The D, emission region is located
~1 — 2 cm deeper into the plasma radially compared to the
CIII emission region, because fast charge-exchange D neu-
trals penetrate deeper into the pedestal (before they get ex-
cited) compared to CIII ions. In the second image, a filament
hits the wall and the bright stripe of emission is caused by
release of neutrals from the wall tiles. Similar to the CIII
case, the filament in D, emission follows the local pitch of
the magnetic field, and the apparent break in the filament line
is due to the absence of recycling at the ¢=15 deg port.
Interestingly, when ELM-driven particles interact with the
carbon wall, the relative increase in D, emission is larger
than the increase in CIII emission (both compared to inter-
ELM images), possibly suggesting that ELM-wall interac-
tions release deposited deuterium™ from the wall more
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FIG. 2. (Color online) Images in CIII light of an ELM-driven plasma (shot
126529) show multiple field-aligned filaments are ejected into the SOL. The
first image in (a) has the background light subtracted and shows an unstable
filament wrapping from the foreground of the image around the right side of
the plasma edge. (b) The integrated camera intensity is compared to the
inner divertor D, signal, and the times of images 1-4 are labeled.

readily than carbon. Comparing the fourth image to the other
three images shows that when particles arrive at the divertor,
the emitted D, light from the divertor is reflected from the
midplane wall, which reduces contrast and could affect inter-
pretation of spectroscopic-based diagnostics.

Multiple filament-wall interactions are typically ob-
served in succession during a single ELM event. In Fig. 4,
we plot the time series of a one-dimensional (1D) vertical
profile of light intensity viewed at the outer wall at
¢=12 deg, and the times marked 2, 3, and 4 correspond to
the times of the second, third, and fourth images in Fig. 3(a).
The profile intensity is adjusted to show interactions with the
outer wall. Figure 4 shows that the first filament which hits
the wall at Z=6 cm at =2349.42 ms is distinct from the
bright filament seen ~500 us later at Z=1 cm. The image
data complement probe data that have previously shown a
transient increase in density and temperature as individual
filaments transited the probe location in the SOL.'? Observa-
tions of multiple filaments in succession during a single
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FIG. 3. (Color online) (a) Images in D, light (shot 126532) show ELM
filaments interacting with the wall. The time trace (b) shows D, light from
the midplane region compared to the inner divertor during an ELM.

ELM are qualitatively consistent with nonlinear BOUT cal-
culations that show explosive growth of filaments, and pos-
sible secondary instabilities driving the radial breakup of ra-
dially extended filaments.*’ Alternatively, the appearance of
multiple filaments in succession may be due to toroidal (or
poloidal) rotation of the filaments and variation in the time of
filament ejection.

Based on the camera data, the filaments rotate. However,
due to the pitch of the filaments and the limitations of the
camera field of view, it is difficult to distinguish between the
toroidal and poloidal rotation directions. Previous interpreta-
tions of probe data'? and asymmetries observed in power
deposition structures on tile array data® are consistent with
the paradigm of toroidal rotation of filaments, and for the
discussion here we assume the filaments rotate toroidally.
The camera-observed filament motion corresponds to rota-
tion in the cocurrent direction in lower single null magnetic
configuration with normal Bt and corresponds to rotation in
the countercurrent direction in upper single null with re-
versed Br. Based on images, the estimated filament toroidal
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FIG. 4. (Color online) Time trace of 1D vertical profile of D, emission from
the outer wall recorded by the fast camera, showing multiple filaments in-
teract with the wall during a single ELM event. The numbers correspond to
the times in Fig. 3.

velocity ranges from <1 to 10 km/s at a radial location
~2cm outside the separatrix, and ranges from
<1 to 4 km/s at the wall. The measured carbon ion toroidal
rotation velocity using charge exchange recombination
(CER) at the pedestal is approximately 55 km/s and de-
creases with radius. Estimates of the radial location of the D,
emission seen by the camera correspond to CER-measured
toroidal velocities ranging from 10 to 30 km/s, suggesting
that the filaments rotate at or slightly below the rotation ve-
locity of carbon ions. An upper bound on the far-SOL toroi-
dal rotation velocity v, is estimated based on the ability
to resolve individual filaments toroidally separated by
A¢~20 deg with exposure times as slow as 7.,,=200 us,
yielding v, <RA¢/ 7., ~5 km/s for CIII light seen in the
mid to far region of the SOL. The numbers presented here
may help constrain ELM models that include toroidal rota-
tion.

IV. ELM MODE STRUCTURE

The mode structure of ELMs is measured from the tor-
oidal separation A¢ of adjacent filaments, and Fig. 5 shows
the toroidal mode number n=27/A¢ vs pedestal density
N ped- Light from CIII emission at the onset of the ELM
instability is used for the measurements, and due to limita-
tions of the camera toroidal field of view, only n>9 can be
measured. The mode number is typically ~20% higher in the
late nonlinear phase of the ELM, which is a similar observa-
tion to the growth of the inferred mode numbers throughout
the ELM evolution in ASDEX Upgrade.41 We find that
ELMs are smaller and have a higher toroidal mode number
at high density, consistent with ELITE* code calculations
showing that the most unstable n increases as the edge cur-
rent density decreases, which is expected at high density due
to collisional suppression of the bootstrap current. In the
low-density case, strong edge currents may develop with
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FIG. 5. Measured ELM toroidal mode number n vs pedestal density, show-
ing a general trend of n increasing with density.

minimal collisional suppression. ELITE code calculations
show that edge currents reduce edge magnetic shear and this
reduction stabilizes high n ballooning modes, while edge
currents drive intermediate to low n peeling modes.

V. PARALLEL SOL FLOW DURING ELMS

At high density, the time delay between the ELM signal
measured by the camera at the outer-midplane and the D,
ELM signal from the inner divertor is consistent with the
model of parallel convective transport of ions in the SOL;
however, at low density the midplane-divertor time delay
measurements are still open to interpretation. The time
tgrmm Of the peak ELM signal measured by the camera is
compared to the time #g \; p of the peak inner divertor signal;
examples of these times are shown in Fig. 2(b). The
midplane-divertor delay Atyp=fg v p—teLmm 1S calculated
and plotted in Fig. 6 versus the peak ELM intensity Iy
measured at the divertor. The CIII camera data marked as
solid circles show that in high-density plasmas with normal-
ized electron pedestal collisionality v:e ,=0.50, particles
ejected into the SOL from larger ELMs experience faster
parallel transport than that from smaller ELMs, presumably
because larger ELMs have broader eigenmodes that eject
particles from deeper within the plasma with higher tempera-
ture compared to particles ejected by smaller ELMs. >
This interpretation of the time delay data is supported by
previous stability calculations of ELITE showing that the
ELM size correlates with the radial depth of the most un-
stable mode.* Tons ejected into the SOL from the low-field-
side midplane region undergo parallel transport over the top
of the tokamak (in lower single null magnetic configuration),
into the high-field-side region of the SOL, and down to the
inner divertor target, with a parallel connection length of
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FIG. 6. (Color online) The time delay Azy, between ELM signals measured
at the midplane (camera) and divertor (D, photodiode) are plotted vs ELM
size Ig v p- In moderate collisionality, the time delay is larger for smaller
ELMs. The shift between the lines drawn for camera measurements in CIII
(circles) and D, (triangles) shows that the midplane D, ELM signal appears
later than the midplane CIII signal. In lower collisionality plasmas (squares)
the midplane and divertor ELM signals appear simultaneously for all ELM
sizes.

L=2mRqys~40 m. The pedestal ion temperature for the
high-density case is ~400 eV with the ion sound speed
Csped ™ 200 km/s; in Fig. 6, the time lag 7=L/ ¢, peq is shown
as a dashed line for reference.

The high-density case with D, camera data (triangle
symbols in Fig. 6) shows the general trend of faster parallel
transport for larger ELMs; in addition, the midplane D, data
have a slightly smaller time delay compared to the midplane
CIII case (plasma conditions were similar in both cases, and
the divertor measurements were in D, light for all data in
Fig. 6). Thus, the midplane D, signal appears later than the
midplane CIII signal by ~300 us, possibly because the peak
ELM intensity of the camera signal in D, light occurs when
filaments interact with the outer wall, while the peak CIII
signal may occur in the SOL.

In low-density plasmas with V =025 (square symbols
in Fig. 6), the ELM signals appear simultaneously at the
midplane and the divertor, showing a qualitatively different
behavior compared to the high-density case. The data sug-
gest that in low-density plasmas, a more poloidally symmet-
ric ELM mode structure may exist, or possibly local effects
at the inner divertor play a role.*® Pedestal measurements
have previously shown that ELMs cause a larger reduction of
pedestal temperature in low-density plasmas (“conductive”
ELMs) than in high-density plasmas (“convective”
ELMs), > suggesting that collisional restriction of heat
flowing along filaments may be related to the difference in
ELM behavior. Another possibility is that in high-density
plasmas, collisional suppression of edge currents reduces the
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FIG. 7. (Color online) 1D vertical profile of camera signal during an ELM-
wall interaction at ¢=12 deg, with background light subtracted. A Gaussian
fit is shown as the dashed line.

peeling nature of the instability and the ELM is driven by a
coupled peeling-ballooning instability, while in low-density
plasmas, the ELM instability is peeling-dominated. Balloon-
ing filaments would first be ejected into the SOL at the low-
field-side midplane while possibly remaining attached near
the magnetic X-point. The filaments would then act as con-
duits for parallel transport of particles and heat that drain
from a region within the plasma that depends on the ELM
size. A peeling-dominated instability, however, might cause
an edge transport barrier collapse that affects the plasma in a
more poloidally uniform manner, and thus the midplane and
divertor ELM signals would appear simultaneously. Recent
simulations support this speculation by showing that the lin-
ear peeling mode eigenfunction is more poloidally uniform
than the linear ballooning eigenfunction.44

VI. ELM-WALL INTERACTIONS

Images of ELM-wall interaction in D, light are used
here to develop the distribution of the poloidal width of fila-
ments and distribution of the location where ELMs hit the
outer-midplane wall. The fast camera field of view has a
vertical range of —45<Z <45 cm; thus, the particle and heat
flux to surfaces outside this region are not considered here. A
vertical 1D profile of the light intensity at ¢p=12 deg is ob-
tained by subtracting a time-averaged background (inter-
ELM) image from an image during an ELM-wall interaction,
such as that shown in the second image of Fig. 3(a). A
Gaussian fit is made to the 1D perturbation profile signal as
shown in Fig. 7. The poloidal width w of the filament light at
the wall and the vertical location Zg; y; of the ELM-wall in-
teraction are then recorded for over 200 events in high-
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FIG. 8. Distributions of (a) vertical location Zg;,; where ELM filaments
strike the outer wall, and (b) poloidal filament width w for shots 126531 and
126532.

density discharges with V:e ,=0.5. Figure 8(a) shows that the
distribution of ELM-wall interactions is localized to within
*15 cm of the midplane, suggesting that sensitive diagnos-
tics could be placed above or below the midplane to avoid
possible damage in future devices. A gap between wall tiles
at the midplane is responsible for the lack of wall interac-
tions at Z=0. The poloidal localization of the initial expul-
sion is qualitatively consistent with CER data presented in
Ref. 43. The measured poloidal (or vertical) width of the
filament ranges from 1 to 5 cm, with a mean poloidal width
of 3 cm as shown in Fig. 8(b). Assuming tube-like filaments
with roughly equal radial and poloidal widths, the camera
measurements of the filament widths are roughly consistent
with previous probe measurements of individual filaments
transiting the probe location in a time of 20-40 us at a radial
velocity of 500 m/s. We note that finite camera exposure
times combined with toroidal rotation could spuriously in-
crease the measured widths, and may be responsible for the
slight asymmetry seen in the filament width distribution.

VIl. CONCLUSIONS

Fast imaging of ELMs in the low-field-side midplane of
DIII-D demonstrates that ELMs begin with an unstable fila-
ment or group of filaments bulging radially outward into the
SOL, and that multiple filaments are then ejected within a
few hundred ws in rapid succession. The filaments are
aligned with the local magnetic field and rotate toroidally
and/or poloidally. Due to cross-field transport, a significant
fraction of ELMs interact with the midplane wall and release
neutrals, and the filament-wall interactions are localized
within *15 cm of the midplane. The filament widths range
from 1 to 5 cm, consistent with previous probe measure-
ments of filaments transiting the probe location. The mea-
sured mode numbers show qualitative agreement with the
peeling-ballooning model, which postulates that ELMs are a
limit cycle driven by a combination of current and pressure-
gradient MHD instabilities.™*> The toroidal and poloidal
mode numbers of the ELM filamentary structure depend on
plasma density, with the measured toroidal mode number
ranging from 10 to 20 in low-density plasmas and 15 to 35 in
high-density plasmas. Comparing the fast camera midplane
data with the inner divertor D, signal shows that in high-
density plasmas, parallel transport velocities depend on the
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ELM amplitude, suggesting that the ELM size is related to
the eigenmode width,***7 with larger ELMs corresponding to
broader eigenmodes. The larger eigenmode widths result in
deeper (and thus hotter) plasma being ejected during the
ELM crash, and thus faster parallel transport. The simulta-
neous ELM signal at the midplane and divertor in low-
density plasmas suggests qualitatively different ELM behav-
ior in low-density plasmas versus high density, possibly due
to a transition from a coupled peeling-ballooning instability
in high density to a more current-driven peeling type of in-
stability in low density.
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