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Abstract

High temporal and spatial resolution measurements in the boundary of the DIII-D tokamak show that edge local-
ized modes (ELMs) are composed of fast bursts of hot, dense plasma lasting ~25 ps each that travel radially starting at
the separatrix at ~450 m/s and rotate in the scrape off layer (SOL), convecting particles and energy to the SOL and
walls. The temperature and density in the ELM plasma initially correspond to those at the top of the density pedestal
but decay with radius in the SOL. The temperature decay length (~1.2-1.5 cm) is much shorter than the density decay
length (~3-8 cm), which in turn decreases with increasing pedestal density. The local particle and energy flux at the wall
during the bursts are 10-50% (~1-2x 10> m~2s~") and 1-2% (~20-30 kW/m?) respectively of the LCFS average
fluxes, thus particles are transported radially much more efficiently that heat.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction with adequate particle exhaust. However, the ELM
instability also carries a considerable amount of particles
and heat from the pedestal region into the SOL towards
the divertor region and other plasma facing components
(PFCs), possibly limiting their lifetime and causing the
release of impurities into the plasma. According to ac-

cepted scalings, type I ELMs could exceed the ITER

High performance tokamak discharges operate in
ELMing H-mode to combine high-energy confinement
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PFC damage threshold [1] resulting in a divertor lifetime
of less than one full discharge. Therefore, it is important
to invest a significant effort to study ELMs the ELM

0022-3115/$ - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.jnucmat.2004.10.159


mailto:jboedo@ucsd.edu 

772 J.A. Boedo et al. | Journal of Nuclear Materials 337-339 (2005) 771-775

dynamics in the SOL in order to envision ways of con-
trolling their interaction with the PFCs.

A number of theoretical studies [2] of ELMs have
emphasized the linear regime of dominant modes [3] re-
ferred to as coupled ‘peeling-ballooning’ modes, are dri-
ven by both parallel current (Jn.q) and the pressure
gradient (pl,.4). These intermediate-n peeling-ballooning
modes, whose linear phase can be calculated using the
ELITE code, impose limits on the pedestal height, which
are functions of the pedestal width, plasma shape, collis-
ionality, safety factor and other equilibrium details. Pre-
liminary nonlinear studies [4,5] suggest that during the
ELM, filaments will grow in the pedestal region and tra-
vel across the separatrix into the SOL, carrying particles
and heat with them. This paper provides information on
ELM structure and propagation that can be used to im-
prove the models.

2. Experimental setup

Experiments to characterize ELMs on the DIII-D
tokamak [6] were carried out in H-mode discharges fea-
turing type I ELMs with plasma current I, = 1.4 MA,
toroidal field of By =1.7T at the axis, R=1.7m and
neutral beam heating power of up to 4.5 MW. Lower
single-null divertor geometry with ion Grad-B drift
toward the lower divertor was used. The density was
increased in a sequence of discharges, from (n.)/
ng = 0.40-0.8. (ng is the Greenwald limit) The principal
measurements were made by the fast radiometer array
[7] (DISRAD?2), a fast scanning probe, [8] Beam emis-
sion spectroscopy [9] (BES), reflectometry [10] and
charge exchange recombination spectroscopy, CER
[11]. The fast scanning probe array features five tips that
sense current, /, saturation current, /g, and floating po-
tential, & A =~ 250 kHz bandwidth 7, measurement [12]
is used to resolve the temperature inside the ELMs. The
BES system, configured as a 5x6 fiber array, was
located at the edge of the plasma in the midplane to
provide fast (1 ps) 2-D imaging of the density. The
DISRAD?2 measures absolutely calibrated photon inten-
sity along 30 poloidally separated view chords at a rate
of 100 kHz and a photon energy response of 1eV—
5keV.

Inversion of the DISRAD?2 data (Fig. 1) shows the
integrated ELM radiation for various plasma regions
as a function of time measured from the beginning of
an arbitrary ELM, or ¢y,. The radiation rises first on
the outer SOL indicating low field side ELM formation,
it then rises in the inner SOL and thereafter in the diver-
tor. Two frames from BES taken at an arbitrary time
near an ELM onset, 1555 and 16 ps later (/585 + 16 pns)
and shown in Fig. 2, feature an ELM as a positive den-
sity feature appearing at the bottom of the frame and
moving upward to the center. The data shown is the

Shot 110399
12| ¢ =23105ms
Inner divertor/10
= 1.0 (Region 5)
% I Il
(7] nner wal
o 08 : Outer divertor
[ (Region 3) )
§ 0.6 (Region 7)
= Quter wall
0.4 (Region 9)
0.2}

0 S a ,
-06 -04 -02 0.0 0.2
t—t, (ms)

04 06

Fig. 1. Inversion of DISRAD?2 data from a single ELM (Type
I) shows radiation peaking first in the outer SOL then in the
inner SOL, later at the divertor regions.
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Fig. 2. Frames from BES showing 2-D density plots with
exposure of 1 ps. The Type I ELM is seen at £, at the bottom of
the top frame (green ellipse). A second frame (bottom) is taken
16 ps thereafter, showing the initial ELM structure (green
ellipse) moving upward (poloidally) and an ejection on the
upper right (dashed yellow circle) that has moved radially. (For
interpretation of the references in color in this figure legend, the
reader is referred to the web version of this article).
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deviation from the average value and in the color
scheme, white represents average (or background) den-
sity and red and blue represent positive and negative
fluctuations, black indicates saturation. The LCFS is
indicated by a solid vertical line. The ELM includes
plasma ejections produced near the separatrix that then
move radially at nearly 7 km/s (the BES measurements
were made in a different set of discharges that those
otherwise discussed in this paper). Probe measurements
of V.= EyB/B* and reflectometry [13] data show the
ELM radial velocity peaking at ~500 m/s at the LCFS
and and decaying to 120 m/s in the SOL.

The ELMs can then be seen as filamentary structures
with complex spatial and temporal time structure [14],
consistent with BES data, that is observed as multiple
bursts in the temperature and density data taken by
probes, shown in Fig. 3. The high time resolution data,
displayed in a 12 ms window that arbitrarily spans the
ELM duration. The ELM plasma features peak n,. val-
ues (first peak in the series of bursts per ELM) corre-
sponding to those at the top of the density pedestal
(~3x 10" m™%) if the spatial decay is accounted for,
suggesting that the ELM peels off from the top of the
density pedestal. The ELM peak density and tempera-
ture decay with distance from the LCFS due to parallel
transport [15] and the decay varies with density as
shown in Fig. 4. At high n. (n./ng = 0.85) the density de-
cay length, Ly~3.8 cm while the temperature decay
length, Lt is ~1.2 cm. At neJ/ng = 0.45, Ly and Lt are
13cm and 1.3 cm, respectively. The particles in the
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Fig. 3. Probe density data for a low discharge density (n/
ny =0.4) at R—Ry, = 1.5cm. The density bursts last ~30 s,
initially appearing at regular intervals (~140 ps). The intervals
can show gaps of ~300-400 us between groups of bursts. The
inset shows a burst detail.

ELM travel essentially unhindered towards the wall at
low densities while at high density, the particles are
quickly dissipated. The heat in the ELM is dissipated
rapidly with radius, irrespective of the pedestal density
consistently with IR camera results, which see a broad-
ening of the heat and particle flux divertor plate profiles
during ELMs [16].

Based on measurements of ELM convection speeds,
the wall (6 to 7 cm from the LCFS) would be stricken
in roughly 0.3 ms for these discharges. The local burst
peak heat and particle radial flux convected by the
ELM towards the wall are I'.=nV, and Q,=2x3/
2nTV; respectively. The ELM-induced local convected
radial heat flux at the LCFS due to the bursts is ~80%
of the average (calculated as (P;j,—P;.q)/Area) at the
LCFS, at (ne>/nGw =0.8 and ~60% at <I’Ze>/1’le =0.45.
However, the heat flux reaching the wall, shown in Table
1, is only a ~2% fraction of the LCFS heat flux, consis-
tently with the short (~1.5cm) 7, radial decay, thus
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Fig. 4. Radial variation of the ELM burst peak density and
temperature values obtained from probes for (a) high density
and (b) low density discharges. The temperature decays quickly
with radius in both cases, but the density decay length is much
longer at low density.
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Table 1

Radial particle (T¥"™) and heat (OF™™) fluxes due to an ELM at
the LCFS and the wall for low density (n.)/ngw = 0.45 high
density (n)/ngw = 0.8 discharges

(ne)ngw = 0.8 FFLM (m2s

OFM Jm s

LCFS 1.0 x 10? 1800000

Wall 1.5x% 10%! 21600

(ne)lngw =045  TEM gm=2s7h)  OFM (m~2s7)
LCFS 5.6 x 107! 1323000

Wall 1.8x10% 27000

most of the heat flux is transported along the magnetic
field and strikes the divertor floor. The local convected
radial particle flux due to the ELM bursts at the wall
is 10-50% of the LCFS local average radial flux, or
~1.6x10*' m~2s~!, consistent with the long density de-
cay length (~3-8 cm). Table 1 indicates that the ELM
local peak particle flux at the wall is similar for all den-
sities due to the fact that at higher pedestal densities the
ELM plasma density increases but the decay length be-
comes shorter.
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3. Interpretations of the ELM dynamics data

Assuming mainly radial motion of the ELMs and
using the measured radial ELM velocity, V;, at the
LCFS (~450 m/s), the radial extent of each burst is esti-
mated as or = V, x ot, where 6t is the duration of the
pulse. Radial extents of 2-5 cm per burst are obtained
from the burst duration (~20-40 ps long). Gaps lasting
~130-140 ps are seen between bursts, sometimes fol-
lowed by a longer gap of ~800 us between trains of
bursts. Therefore, the ELM comes from the LCFS in
well-defined bursts that substantially fill the SOL (6—
7 cm gap) with dense plasma. This paradigm, however,
is hard to reconcile with the fact that many diagnostics
in all toroidal and poloidal locations see the ELM
promptly within a small time delay of ~100 ps.

Another possibility is that the ELM plasma is also
rotating toroidally. The CER [11] toroidal speeds during
an ELM at radii straddling the LCFS are shown, to-
gether with a rotation profile (Fig. 5(b) before (#,—1 ms)
and during (79) an ELM, where 7, is determined by the
rise of the fast D, signal in the divertor. The onset of
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Fig. 5. (a) CER data showing a profile of the toroidal rotation velocity of carbon ions. A floor D, signal [(a) top] is used as a fiducial.
Profiles of rotation velocity (b) and ion temperature (c) taken during the ELM (¢ = 0) and before the ELM (¢ = —1 ms). The shaded

region indicates uncertainty in the EFIT.
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an ELM is concomitant with a transient increase of
toroidal velocity and ion temperature (all from carbon)
further out and into the SOL (Fig. 5(b) and (c), which
lasts <1 ms, consistent with the radial ELM plasma tra-
vel time (~0.3 ms). The peak toroidal velocity and ion
temperature of the radial transient corresponds to that
of the innermost chord pre-ELM velocity, supporting
that ELMs originate at the top of the pedestal. The
CER-measured toroidal velocity is ~30 km/s in the
SOL, corresponds to ~650 ps period, longer than the ex-
pected ELM plasma radial travel time of 200-300 ps, so
the ELM plasma does not have time to rotate fully before
hitting the wall. Once the rotation assumption is consid-
ered, Fig. 3 can be re-examined. The initial density bursts
are separated by ~135 ps, followed by a ~450 ps gap be-
fore the bursts start again. Therefore, this sequence could
be interpreted as three filaments (multiple n, m struc-
tures) rotating by the probe and returning with a period
T = 800 ps while decaying by parallel transport.
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