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Abstract. The reduction in size of Type | ELMs with increasing density is explored in DIII1-D for the purpose
of more reliable extrapolation to a burning plasma scale tokamak. The separate convective and conductive
transport of energy due to an ELM is determined by Thomson scattering measurements of electron density and
temperature in the pedestal. The conductive transport across the separatrix during an ELM is seen to decrease
with increasing density, while the convective transport remains nearly constant. The scaling of the conducted
ELM energy loss is found consistent with edge MHD stability modeling. Scrape-off-layer (SOL) and divertor
diagnostics also show evidence of conductive transport in the SOL at low density with a more convective
behavior at high density. Evidence of radial particle transport to the main chamber during an ELM is aso
presented.

1. Introduction

In a future tokamak burning plasmathe ELM energy deposition on the divertor target plates
must be maintained below a critical threshold to avoid unacceptable erosion of the target
surface [1,2]. The search for a tolerable ELM regime for a burning plasma has taken two
approaches. One path seeks to identify ELM free operation that may be accessible to a
burning plasma, such as QH—mode observed in DIII-D [3], EDA-mode in Alcator C-mod [4],
and the grassy ELM regime of JT-60U [5]. The other option is to determine if the robust
Type | ELM regime will in fact produce tolerable ELMs at the pedestal and edge parameters
expected in a burning plasma. For ITER, the energy lost from the confined plasma should be
no more than 5%—10% of the pedestal energy, given by the pedestal pressure times the
plasma volume[2]. Type | ELMing regimes satisfying this constraint have been observed in
DIlN-D and other devices when operated at high density [6,7]. This paper examines ELM
scaling in DII1-D to study the underlying physical mechanisms of ELM energy transport, and
in turn how that loss projects to future burning plasmas.

In Section 2 a diagnostic method is described for using Thomson scattering to separately
measure energy convected and conducted from the core plasma due to an ELM. In Section 3
ELM conducted and convected energy versus density is presented. A comparison with MHD
modeling is made. In Section 4 the scrape-off-layer (SOL) and divertor parallel transport of
ELM energy is examined. Section 5 contains a discussion of the results presented.

2. ELM Energy M easurement

The energy lost from the core plasma due to an ELM can be measured on DIII-D by use of
the Thomson scattering diagnostic. On DIII-D afast measurement of the radial profile of Te
and ng is produced every ~12 ms. The electron density and temperature profiles are ordered
and fitted in time with respect to the nearest ELM for steady-state conditions to determine the
perturbation to the profiles due to an average ELM. Typical ELM perturbations to the
electron temperature and density profiles are shown in Fig. 1(a) and 1(b).

The Ang and AT profiles are integrated over the plasma volume to determine the total ELM
energy loss. The ELM energy is split into two channels, a temperature perturbation that
represents a conductive process and a density perturbation for convective loss. The convected
electron energy is given by integrating 3/2<Te>Ane over the plasma volume. Similarly, the
conducted electron energy is given by integrating 3/2<ng>ATe. The convected ion energy is
assumed to be the same as that of the electrons. This assumption implies Zgtf ~1 and Tj = Te.
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Fig. 1. Thomson scattering measurement of the relative perturbation to the edge (a) ne and (b) Te profiles due
toan“ average” individual ELM. A positive value represents a drop in profile measurement.

For the conducted ion energy, Fast CER measurements with 0.5 ms integration time, show
that Tj in the pedestal does drop at an ELM, but only about 1/4 as much as Te. Therefore we
will ignore the conducted ion energy. These approximations can be corrected with future
measurements of Zgtf and the relation between AT and ATe. The calculation of ELM energy
described above using Thomson scattering produces reasonable agreement with fast
equilibrium analysis. Both methods produce scatter in the measurement of ~25%.

3. ELM Energy Lost From Pedestal

The measurement of ELM energy was carried out for four different cases in a lower single-
null divertor configuration; (1) qos ~3.9at 1.2MA and 2.1 T, (2) gos ~ 3.1 a 1.2 MA and
15T,(3)gos ~25a 20MA and 2.1 T and (4) qos ~ 4.3 at 1.2 MA and 2.1 T and upper
triangularity, & ~ 0.4 (& ~ 0 in the other cases). The lower divertor triangularity was & ~ 0.0
for al cases. The convected and conducted ELM energies are calculated as described above
and then normalized by the pedestal energy. The convected, Fig. 2(a), and conducted,

Fig. 2(b) energies are then plotted versus the density normalized by the Greenwald densty,
new(1020m-3)= In(MA)/[me2(m)]. Several important observations can be made in Fig. 2.

First, though there is significant scatter in the data there is no obvious trend in the relative
convected ELM energy from low density up to e ped/NGw ~ 0.65 where the ELMs become
smaller. Thereis also no obvious ggs dependence among the different cases. It should also be
noted that the higher current and higher triangularity cases have about a factor of 2 higher
pressure pedestal, but the ELM energy remains a constant fraction of the pedestal energy.

The conducted ELM energy, however, shows a clear trend with density. The conducted ELM
energy is highest at low density and decreases with density to near zero at ne peg/NnGw ~ 0.7.
At high density the scatter is due in part to the degradation in pedestal pressure at high
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Fig. 2. (a) The normalized convected ELM energy as measured by the Thomson profile versus the pedestal

density normalized by the Greenwald density, ne ped/nGw. () The normalized conducted ELM energy versus
the normalized pedestal density.
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density. Thisresultsin small ELMs near the measurement sensitivity and alarge scatter in the
relative ELM size. All four cases follow the same trend within the data scatter. Thisimpliesa
similar density dependence for the conducted energy regardless of qgs, plasma current,
triangularity or the pedestal pressure.

The edge stability to peeling-ballooning modes has been examined for several of the
discharges of Fig. 2 using the ELITE code [8,9]. It has been suggested that larger ELMs
result from longer wavelength modes with an eigenmode structure that extends farther into
the main plasma. Modeling was done to determine if edge MHD stability is consistent with
decreased ELM size at high density. The ELITE code predicts the growth rate and eigenmode
structure of edge peeling-ballooning modes using the measured edge pressure gradients and
reconstructed magnetic equilibrium. A collisional bootstrap current model is assumed for the
edge current density. The ELITE code predicts similar characteristics for both the low and
high current cases with the most unstable mode at n ~40 for low density and increasing to n
~50 at high density. Also the radial width of the eigenmode decreases from ~4% of the minor
radius at low density to ~2% at high density. Both of these characteristics, shorter wavelength
and narrow instability region, should be consistent with smaller ELMs at higher density
through less ergodization of the plasma boundary. The changes to edge stability at high
density and collisionality arises first from a reduction in the edge bootstrap current which
stabilizes higher order modes. The radial width of the high pressure gradient is also
experimentally observed to decrease at high density. This causes the eigenmode structure to
narrow and also favors higher-order modes. If the ELM energy is reduced due to a changein
the MHD unstable mode then both these factors, pedestal collisionality and pedestal width,
arelikely involved.

Though the current MHD theoretical analysis may predict an unstable mode and its spatial
structure, it does not specify how the mode evolves or transports energy. This theoretical
model cannot describe the experimentally observed differences in convected and conducted
ELM energies. A model describing the nonlinear evolution of the mode and transport on both
the open and closed flux surfaces will be needed to address this topic.

4. SOL and Divertor Responseto ELM Flux

Though edge stability islikely necessary for understanding scaling of ELM loss from the core
plasma, SOL and divertor transport are important in determining how the lost energy and
particles are distributed at the divertor target and plasma facing components (PFCs).
Transport in the SOL and divertor could also, in principle, limit ELM energy loss from the
core plasma. A simple argument would suggest that parallel transport of ELM energy in the
SOL islimited to the ion sound speed [10-12]. Hot electrons transported across the separatrix
at the ELM onset should quickly reach the target, within ~10 ps. The loss of electrons quickly
builds a sheath potential which limits the loss of ELM thermal energy through parallel
electron conduction. The ELM heat flux is then set by the local ion recycling flux at the
target. The bulk of the ELM energy would arrive at the target with the ions from the pedestal
traveling at the ion sound speed. The spatial profile of the ELM deposition would be set by
the ratio of perpendicular to parallel transport.

At low density in DIII-D there is significant evidence that ELM parallel heat flux is not
limited by the flow of ions from the pedestal to the divertor. A density scan was carried out
on DIHI-D in alower single-null configuration that optimized the views of a number of fast
diagnostics. The behavior of several of these parameters at low density are shown in Fig. 3.
For the low density discharge the pedestal parameters are Te peq ~750 €V and ne ped ~5x1019
m-3 representing an ion sound speed time from the outer midplane to the outer and inner
targets of ~50 ps and ~120 ps respectively. The first indication of rapid parallel transport of
electron energy is the fast drop in SXR emission from the pedestal. The SXR signal indicates
the drop in pedestal Tg, as seen previoudly in Fig. 1, occursin < 100 us, the time resolution of
the SXR diagnostic.
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Other diagnostics shown in Fig. 3 indicate the ELM power pulseis arriving simultaneously to
both divertors. The inboard and outboard divertor Dy signals rise together as does the ion
saturation current at the divertor target. The resulting target heat flux as measured by IR
emission is also simultaneous and of similar magnitude in both the inboard and outboard
divertors. However, the time resolution of these diagnostics < 100 us and time difference
between the divertors due to ion sound speed flow would be barely observable.

An indication of how significant electron energy conduction might occur before the pedestal
ions reach the target is shown by the temporal evolution of the outboard density in the last
trace of Fig. 3. The CO> interferometer measures the line integral of density on a vertical path
through the main plasma and outboard divertor. The density along this path averaged over a
number of ELMs rises from a value of 1.4x1019m—2 before the ELM to a peak value of
> 1.8x1019m~2 in < 100 ps during an ELM. The rise in divertor density at an ELM is
estimated at > 2x1020m-3 given a path length of 18 cm through the divertor and the
assumption that the density does not rise in the main plasma during an ELM. Before an ELM
the divertor density is ~ 4x1019m—3 as measured by Thomson scattering. The rise in divertor
density is much greater than either the pedestal density or the pre-ELM divertor density
indicating local generation of plasma at the target. One possible source of particle generation
iseach local ion falling through a much larger sheath could dislodge several neutrals from the
target allowing for a rapid buildup of density and particle flux. The increased particle flux at
the target would then allow a greater level of electron heat conduction before the arrival of
ion flux from the pedestal.

At high density a slower evolution of the SOL and divertor response to an ELM is observed
in Fig. 4. The pedestal parameters in this case are Te ped is ~300 eV and ne peg ~1x1020m-3,
At high density the divertor Da and ion saturation current exhibit a slower rise and longer
duration peak than at low density. The duration of the inboard heat flux is also longer, but
with a much smaller outboard heat flux. A larger inboard than outboard ELM heat flux has
also been reported earlier [1] though it is still not understood. Finally the outboard divertor
density behavior is opposite to the low density case and decreases at an ELM. Before the
ELM the outboard divertor isin acold dense state, Te< 5 eV and ne = 4x1020 m—3. The ELM
heat pulse heats the cold dense plasma and electron pressure balance likely pushes some of
the high density plasma back up the SOL at the ion sound speed.
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Fig. 3. Fast timescale response of divertor diagnostics Fig. 4. Divertor diagnostics response to an ELM at

a low density. Shown are () the pedestal SXRsignal,  igh density. Diagnostics shown are the same as in
(b) inner and outer divertor D¢, (C) inner and outer Fig. 3.

divertor particle flux from Langmuir probes, (d) inner
and outer divertor heat flux and (e) divertor density
measured by a CO2 interferometer.
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There is also evidence of significant radial transport in the SOL during an ELM. At low
density arapid rise in the midplane SOL is observed with Thomson scattering and microwave
profile reflectometry. These diagnostics indicate arise in density of > 1x1019 m=3 out to >
4 cm outside the separatrix at the midplane within 500 us of the ELM instability. The decay
time of the SOL density after an ELM is 1-2 ms. The integral of the rise in density around the
plasma periphery is roughly equal to the density loss of the pedestal at each ELM. These SOL
observations indicate ions from the pedestal undergo rapid radial transport during an ELM
with alarge flux out to the main chamber wall. However, the width of the divertor heat flux
due to an ELM is measured to be 1-2 times the steady state heat flux width. The observation
of narrow heat flux on the divertor target simultaneous with significant main chamber flux is
also suggestive of electron conduction as the channel for ELM divertor heat flux.

5. Summary

At high density in DIlI-D ELMs become more benign. Not only is the energy loss smaller at
high density, but the deposition time for the ELM energy on the divertor target is also longer.
The small ELMs at high density in DII1-D are within atolerable range when scaled to ITER.
It is important to understand the processes that lead to these small ELMs in order to
adequately predict operation in a future burning tokamak. MHD analysis of these discharges
suggest that smaller ELMs at high density result both from aloss of edge bootstrap current at
higher collisionality, and a narrower pedestal. A burning plasmawill have alow collisionality
pedestal which would suggest large ELMs. However, the scaling of the pedestal width to a
burning tokamak is still uncertain and could significantly affect ELM size. Finally, though
the linear stability of ELM modes has been correlated with ELM size, this MHD model
cannot follow the nonlinear evolution of the mode, nor describe the resulting transport.
Further refinement of the MHD model is needed to improve the understanding and reliability
of scaling these results.

The SOL and divertor measurements also indicate that the reduction in lost electron
temperature from the pedestal at high density is likely due to a reduction in the ELM
instability and not a limitation of SOL parallel transport. At high density the ELM heat flux
deposition time becomes longer, consistent with convective transport from the pedestal across
the separatrix and ion sound speed flow in the SOL to the divertor. This should lead to longer
deposition times in a burning plasma with a longer path length from the midplane to the
divertor. One final concern is the main chamber fluxes due to an ELM. Because of the long
equilibration times any ion lost from the pedestal will likely carry much of its energy to the
wall or target. If afraction of theion flux is spread evenly about the main chamber this could
be beneficial. However, if the flux is localized to a small area, damage to plasma facing
componentsis possible.
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