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ABSTRACT 

The reduction in size of Type I edge localized modes (ELMS) with increasing density 

is explored in DIII-D [J.L. Luxon, Nucl. Fusion 42, 614 (2002)l for the purpose of 

studying the underlying transport of ELM energy. 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 from the pedestal during an ELM decreases with increasing density, while the 

convective transport remains nearly constant. The scaling of the ELM energy loss is 

compared with an edge stability model. The role of the divertor sheath in limiting energy 

loss from the pedestal during an ELM is explored. Evidence of outward radial transport 

to the midplane wall during an ELM is also presented. 
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1. INTRODUCTION 

Energy deposition on the divertor target plates due to edge localized modes (ELMs) is 

a significant concern for the next generation of burning plasma tokamak experiments 

(BPX) such as ITER [1,2]. While a robust H-mode edge pedestal is needed for adequate 

confinement, steady-state H-mode operation typically results in periodic relaxation of the 

edge barrier through ELMs. The transient energy and particles released from the pedestal 

into the scrape-off-layer (SOL) due to ELMs can potentially cause unacceptable erosion 

of the divertor target if the heat pulse causes the surface temperature to rise above the 

ablation, or melting point, of the target material. This concern has motivated a search for 

small-ELM or no-ELM regimes. Several such regimes have been identified and include 

QH-mode in DIII-D [3,4], “grassy” ELMs in JT-6OU [ 5 ] ,  Type I1 ELMs in ASDEX- 

Upgrade [6] and enhanced D-alpha (EDA) mode in Alcator-C-Mod [7,8]. However, it is 

unclear if any of these regimes will be accessible to, or compatible with, a BPX device. 

Therefore current BPX designs remain based upon the common, or Type I, ELM regime 

that is robustly observed in all large divertor tokamaks. It is therefore important to 

understand the underlying physics of Type I ELMs and predict how their characteristics 

will scale from present tokamaks to a larger BPX scale device. 

The surface temperature rise of the divertor plate due to a transient heat pulse is 

roughly proportional to the energy density deposited, divided by the square root of the 

heat pulse duration. For the plasma-facing materials under consideration, i.e., carbon and 
tungsten, this threshold is expected to be -40 MJm -2 s -112 . The potential for ablation can 

then be assessed if the following parameters can be predicted for future devices: (1) the 

energy lost from the main plasma due to an ELM, (2 )  the fraction of ELM energy falling 

on the divertor target, (3) the area of the ELM deposition on the divertor target and 

(4) the duration of the heat flux deposition. Considering data from present devices, it is 

estimated that in order to avoid material ablation in ITER, the ELM energy lost from the 

main plasma should be less than 5%-10% of the pedestal energy [9], where the pedestal 

energy is given by the plasma volume times the total pressure at the top of the edge 
pedestal. 
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The energy lost from the main plasma, the first parameter listed above, has been 

observed in current devices [lo-121 to vary from >20% of the pedestal energy at low 

density to 4% at high density. A better physical understanding of this density 

dependence is needed to improve the reliability of extrapolating these results in present 

tokamaks to future larger devices. The purpose of this study is to examine the scaling of 

ELM energy on DIII-D, with the goal of determining which processes are responsible for 

the dependence on density. The data is examined in the context of two possible 

mechanisms that could be controlling the ELM energy loss. The first process examined is 

the MHD stability of the edge pedestal. A comparison is made between the width of 

unstable region in the edge and the ELM size. The other process considered is that the 

sheath at the divertor target is limiting the heat flow along field lines out of the pedestal 

to the divertor during the ELM instability. This limitation could become even stronger at 

high density. 

In Section I1 the density dependence of the ELM energy lost from the pedestal, as 

measured by Thomson scattering, is examined for the conducted and convected 

components separately. The density dependence of these components are then compared 

with an edge MHD stability model as calculated by the ELITE code. In Section I11 the 

transport of ELM energy along field lines from the midplane in the SOL and divertor is 

examined. No evidence for the divertor target sheath limiting the loss of pedestal energy 

at an ELM is found. Evidence of fast radial transport in the SOL during an ELM is also 

presented. In Section IV the implications of the experimental observations are discussed. 

4 GENERAL ATOMICS REPORT GA-A24204 



TRANSPORT OF EDGE LOCALIZED MODES (ELM) ENERGY AND PARTICLES 
INTO THE SCRAPE OFF LAYER (SOL) AND DIVERTOR OF DIII-D A. W. Leonard, et al. 

II. ELM ENERGY LOST FROM PEDESTAL 

The energy lost from the core plasma due to an ELM can be measured on DIII-D by 

use of the Thomson scattering diagnostic, Fig. 1, [13]. A fast measurement, < 1 ps, of the 

radial profile of Te and ne is produced every -12 ms by Thomson scattering. To 

determine the effect of an ELM on the density and temperature, the individual profiles 

are collected during steady-state ELMing conditions and then re-ordered in time with 

respect to the nearest ELM. A Da channel with a vertical view of the lower outer wall 

outside of the divertor is used as the reference time for each ELM. This channel avoids 

the slower evolution of divertor recycling which can produce a Da peak with a 

significant delay from the ELM event. An example of the time dependence this re- 

ordering produces is shown in Fig. 2 for a location near the top of the pedestal. Both 

density and temperature show a gradual increase up to the ELM, a sharp drop at the 

ELM, and then a gradual recovery. In order to determine the value just before, and just 

after, the ELM the pre-ELM and post-ELM values are separately fit with a linear 

function. The intersection of these fits with the time of the ELM determines the pre-ELM 

and post-ELM values. Fitting the slower evolution of the profiles separately before and 

after an ELM, typically -10 ms, helps to overcome any uncertainty in the exact timing of 

the ELM transport event, up to 100-200 ps. The intersection values from each 

measurement location can then be combined into a pre-ELM and post-ELM profile as 

shown in Fig. 3. 
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FIG. 1. The magnetic equilibria for the discharges of this study. The dashed lines show the high 
triangularity configuration, 6 - 0.4. Also shown are the Thomson scattering measurement locations. 
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FIG. 3. Radial profiles of (a) rze and (b) Te fit before and after an ELM. 

The difference between the pre-ELM and post-ELM profiles can be integrated to 

determine the electron energy lost at an ELM. As discussed above the ELM energy is 

split into its convective and conductive parts in order to study the underlying transport 

processes. The convected electron energy is given by integrating 3/2 (T , )  Ane over the 

plasma volume, where (T,) is the average of the pre-ELM and post-ELM T, values and 

Ane is the difference between pre-ELM and post-ELM density. The convected energy 

term represents plasma that is displaced from the pedestal into the SOL. A process such 

as E X  B driven transport from the ELM instability could result in such an energy loss. 

Similarly the conducted electron energy is given by integrating 3/2 (ne)  AT,. This loss 

term represents a cooling of the pedestal, and arises from temperature-gradient driven 

transport between the pedestal and the colder plasma of the SOL and divertor. Transport 

along open field lines from the pedestal to the SOL and divertor due to the ELM 

instability is one mechanism that would allow the exchange of hotter pedestal plasma 

with cooler divertor plasma. 

The ELM energy lost by ions should also be considered since the Thomson analysis is 
only a measurement of electron energy. For the ion convected energy an estimate is 

needed for both Anj and q .  A .Ze8 of -1.8 was measured in several discharges, implying 
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an ion density 85% of the electron density if carbon is the dominant impurity. Off-setting 

this ion dilution are typical measurements of ion temperature somewhat higher than the 

electron temperature in the pedestal steep gradient region. For these reasons the 

convected ion energy at an ELM will be assumed to be equal to that of the electrons. For 

the ion conducted energy a measurement of A? is needed. To determine A2;: at an ELM 

the charge-exchange-recombination (CER) diagnostic was operated with a fast 

integration time of 0.5 ms for several discharges. Initial analysis of the data indicates a 

discernible drop in 2;: at an ELM, but 225% of that for the electrons. Because of this 

small value, some additional uncertainty in the interpretation of the fast measurements 

and the limited data set the ion conducted energy will be ignored for this study. Further 

experiments and analysis will be required to better determine the relationship between 

A q  and ATe at an ELM. These approximations described above will later be shown to 

give reasonable agreement when compared to ELM energy obtained from fast magnetic 

equilibrium reconstruction. 

The analysis described above was used for a series of discharges in a low 

triangularity, 6 = 0, lower single-null (LSN) configuration as shown by the solid lines in 
Fig. 1. Also several discharges were obtained at a higher triangularity, 6 = 0.4, to assess 

the dependence on triangularity. The low triangularity discharges were produced with 

variations in plasma current of 0.8-2.0 MA in a toroidal field of 1.4-2.1 T for a variation 

in safety factor 495 of 2.5-6.0. Divertor pumping in all configurations allowed for a 

range in pedestal density of 2 - 1 3 ~ 1 0 ' ~  m-3 corresponding to a normalized pedestal 

density range of 0.2-0.9 times the Greenwald density, ncW(1020m-3) = 

ZP (MA)/[na2 ( 4 .  

The normalized convected ELM energy from this series of density scans is plotted in 

Fig. 4(a) versus the normalized pedestal density, nPed/nCW. The ELM energies in these 

plots are normalized by the pedestal energy, three times the pedestal electron pressure 

times the plasma volume, to account for any variations in pedestal pressure. This 

normalization assumes 2;: = Te . As reported earlier in Ref. [ 131, while there is significant 

scatter, the normalized convected ELM energy remains constant versus density up to 

ne,ped/ncW - 0.65 after which the ELMS become smaller. This trend is represented by a 

dashed line to guide the eye. There is also no obvious 495 dependence among the 
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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. For the energy convected, this is equivalent to 

losing a fixed fraction of the pedestal density at an ELM for all conditions. 
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FIG. 4 .  (a) The normalized convected ELM energy as measured by the Thomson profile versus the 
pedestal density normalized by the Greenwald parameter, n,,ped/nGW shows no clear density 
dependence. (b) The normalized conducted ELM energy versus the normalized pedestal density shows a 
strong decreasing trend with increasing density. Three cases, low medium and high density, for q = 3.1 are 
highlighted for stability analysis. 

The conducted ELM energy, in contrast, shows a clear decrease with density. The 

conducted ELM energy is highest at low density and decreases with density to near zero 

at n,,ped/nGW - 0.7. At high density the scatter is due in part to a degradation in the 
pedestal pressure. This results in small ELMS near the measurement sensitivity and a 

large scatter in the relative ELM size. All four cases follow the same trend within the data 
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scatter. This implies a similar density dependence for the conducted energy regardless of 

995, plasma current, or triangularity variation of this data. 

At high density, n,,ped/nCW 2 0.65 the Thomson measurement technique becomes 

more difficult and produces a larger scatter. This arises in a large part due to irregular 

ELM behavior with many small peaks in Da between larger ones. For this analysis at 

high density only the largest Da peaks were used as ELM timing references for the 

Thomson reordering. This criterion exhibited the largest perturbation to the density and 

temperature profiles though the scatter in the perturbed profiles, particularly the density, 

remained large. 

To confirm these trends and cross-check the Thomson analysis, the total ELM energy 

was obtained for a different series of discharges by equilibrium reconstruction from fast 

magnetic signals that produced the total plasma stored energy every 0.5 ms. This data is 

plotted in Fig. 5 with the trends from Fig. 4 overlaid. The ELM energy from fast 

magnetics shows a clear decrease with increasing density that is similar over a range of 
average triangularity of 0.0-0.4. The magnitude of ELM energy measured by the 

magnetic methods is in reasonable agreement with results of the Thomson analysis 

technique. 

0.4 

- - TS convected 0.3 

0.0 
0.2 0.4 0.6 0.8 1.0 1.2 

ne,pednGW 

FIG. 5. Normalized ELM energy measured by fast magnetic equilibrium reconstruction for a series of 
discharges with varying triangularity. Overlaid on the data is the convected and conducted ELM energy 
trends from Fig. 4. 
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In order to determine if edge MHD stability can explain the decrease in conducted 

ELM energy with increasing density and to highlight what parameters are responsible for 

it, three cases of a density scan in a single configuration are examined. These cases are 

highlighted in Fig. 4(b). The ELM instability for this analysis is modeled as a coupled 

peeling-ballooning mode that is driven by current and pressure gradients in the 

pedestal [14]. The growth rates and eigenmode structures for a wide range of toroidal and 

poloidal mode numbers is calculated by the ELITE code [15] using the measured 

pressure profile. The edge current density profile used in the analysis is calculated from a 

collisional bootstrap current model [ 161 with the measured electron and ion temperature 

and density profiles. 

The ELITE edge stability analysis was carried out for the density points of 

ne,ped/nGW - 0.30, 0.46 and 0.65 at 495 - 3.1 for Zp = 1.2 MAand BT = 1.5 T .  The 

measured edge pressure profiles for this density scan is shown in Fig. 6(a). The pressure 

profile is obtained from Thomson scattering measurements of the electron density and 

temperature, and charge-exchange-recombination (CER) spectroscopy measurements for 

the ion density and temperature. An important aspect of the measured pressure profile is 

that the steep gradient region is much narrower at high density. Also the calculated edge 

bootstrap current decreases at higher density, shown in Fig. 6(b), due to the pedestal 

neoclassical electron collisionality[ 161, = 6.9 x io-"* (q~nezin~e/7-2~3/2), increasing 
from 0.8 at low density, ne,ped-3x1019, c,ped-900eV, to 15.0 at high density, 

-200 eV. Future work is planned to measure the edge current ne,ped 
and validate the bootstrap current model [ 171. 

-8 x 
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F I G .  6. (a) Edge pressure profiles for densities of ne,ped/nGW - 0.30, 0.46 and 0.65 are determined by 
measurements of electron density and temperature from Thomson scattering and ion density and 
temperature from CER. (b) The edge current profile is calculated from a collisional bootstrap model using 
the measured density and temperature profiles. 

The growth rates of eigenmodes calculated by ELITE from the profiles of Fig. 6 are 
summarized in Fig. 7. The most unstable mode increases from n - 20 at low density to 

n - 40 at medium density and finally n - 65 at high density. The growth rates of 

Fig. 7(a) are normalized by the toroidal mode number and AlfvCn frequency to account 
for the diamagnetic stabilization effect. The envelope of eigenmodes for all of the 

poloidal mode numbers associated with the most unstable toroidal mode is shown in 
Fig. 7(b). At low density the instability affects the outer 6% of the minor radius. This 
region of instability decreases at higher density until it affects only the outer 2%. The 
changes to ELM stability with density arise from both the reduced bootstrap current and 
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narrower pressure gradient at high density. At low density the edge bootstrap current 

stabilizes the higher n modes which allows the lower n modes to dominate the instability 

as the edge pressure gradient builds. At high density, and collisionality, the bootstrap 

current is suppressed and the higher n modes are no longer stabilized and become 

dominant before the lower n modes can grow. The second effect is that the steep 

pressure gradient becomes narrower at high density. For higher n modes, or short 

wavelength, the instability profile becomes closely tied to the pressure gradient, resulting 

in a narrow eigenmode. This is in contrast to an earlier DIII-D study [15] where the 

eigenmode structure can extend significantly inside the high gradient region when low 

toroidal mode numbers, or long wavelength modes, dominate. 

0.003 . , . , . , . , . , . , . , 
+- ne,,,&Gw = 0.30 (a h 

3" . ne,pednGw = 0.45 

10 20 30 40 50 60 70 
Toroidal Mode Number (n) 

FIG. 7. (a) The normalized growth rate of the peeling-ballooning mode versus toroidal mode number for 
low, medium and high density, n e , p e d / n ~ ~  - 0.30, 0.46 and 0.65. The growth rate is normalized by the 
toroidal mode number and the Alfvtn frequency to account for diamagnetic stabilization. The instability 
growth rates are calculated by ELITE using measured edge profiles of Fig 6. (b) The radial eigenmode 
profile as calculated by ELITE for low, medium and high density. 
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A basic model of ELM transport in the pedestal arises from the linear MHD stability 
model described above. Once the peeling-ballooning modes become unstable they grow 

until they overlap in the edge region. The overlap results in a stochastic magnetic field 

structure in the pedestal that allows parallel transport to carry energy and particles into 

the SOL and eventually the divertor. The parallel heat conduction from the pedestal into 

the SOL can be very large at the observed high pedestal temperatures. It should be noted 

that the region of perturbation in Fig. 3 is wider than both the steep gradient region and 

the predicted eigenmode width. This is again in contrast to earlier DIII-D ELM stability 

analysis [15]. This indicates that there may not be a direct correspondence between the 

eigenmode width and the affected region. In the previous analysis the eigenmodes of low 

toroidal mode number ELMS extended far inside the steep gradient. The resulting large 

ELMs produced a perturbation profile similar in width to the predicted eigenmodes. For 

the data presented here the unstable modes are much more localized to the edge. The 

resulting instability though, might evolve into a perturbation profile different from the 

mode at onset by inward cascading or other nonlinear effects. A narrower drive to the 

instability, though, should still be expected to lead to a smaller perturbation. A higher 

mode number could also contribute to a reduction in conducted transport if the modes 

saturate, or overlap, at a lower amplitude. This would lead to less magnetic diffusion in 
the resulting stochastic pedestal and less transport. Additional theoretical work will be 

required to further assess the relationship between the unstable mode characteristics and 

the resulting transport. 

The above stability analysis and correlation of small ELMs with a narrow eigenmode 

at high mode number is consistent with the scaling of the conducted ELM energy shown 

in Fig. 4(b). The conducted electron energy is large at low density and decreases as the 

density is raised. The stability analysis, would indicate this arises from two effects. The 

first is a loss of edge bootstrap current due to high collisionality at high density. A similar 

correlation with collisionality has been observed JET [ l l ]  and across other 

tokamaks [ 121. But the stability analysis also indicates that other pedestal characteristics, 

such as the pedestal width, may also play an important role in setting the ELM size. 

Careful experiments and modeling will be needed to isolate the importance and scaling of 
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these effects separately before an extrapolation to future larger tokamaks can reliably be 

made. 

The ELM convected energy, however, does not appear to result from the same 

process of ergodization of the plasma edge. At the temperature of the pedestal, parallel 

convection of energy should be much less than conduction. This is in contrast to the 

similar levels of energy transport observed in Fig. 4. Also convection which should 

proceed at the ion sound speed does not exhibit the density, or temperature, dependence 

observed for conduction. An accurate description of ELM convected transport awaits 
further theoretical and experimental advances. 
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111. SOL AND DIVERTOR RESPONSE TO ELM FLUX 

SOL transport processes might also play a role in the magnitude and scaling of energy 

lost from the pedestal at an ELM. Previous experimental data and theoretical modeling 

indicate that the ELM instability transport from the pedestal occurs at the low field, or 

outer midplane, side of the plasma surface [18]. Here we examine ELM transport from 

the outer midplane SOL into the divertor with DIII-D data in the context of a simple 

argument that suggests that parallel transport of ELM energy in the SOL is limited to the 

ion sound speed [2,19,20]. At the ELM instability particles and energy are transported 

across the outer midplane separatrix into the SOL. Fast parallel electron transport should 

quickly carry the heat to the divertor plasma within 10-20 ps for DIII-D parameters. The 
ions and their energy flow more slowly at the ion sound speed. To reach the target, 

energy flux from the midplane must pass through the sheath which limits heat flux to 

qdiv =: 8 I;. c, where I?j is the ion flux at the target. To accommodate the increased ELM 

heat flux either the ion flux or Te at the target must increase. In DIII-D the typical target 

particle flux before an ELM would imply the sheath could handle no more than 10% of 

the ELM heat flux, even if the divertor electron temperature rises to that of the pedestal. 

In this model Te in the SOL would rise to that of the pedestal, limiting conduction from 

the pedestal, until the large ELM ion flux arrives at the target at the ion sound speed. In 

this scenario ELM conducted energy would then be set by the ratio of ion sound time, 

qi/C,, to the duration of the ELM instability, z ~ ~ ~ .  

Indirect evidence of the sheath's role in restricting parallel electron conduction during 

an ELM can be examined with DIII-D SOL and divertor diagnostics. The first indication 

that the sheath is limiting loss of electron thermal energy from the pedestal would be for 
Te in the SOL to rise to a significant fraction of the pedestal Te during an ELM. This is 

examined in the perturbation to the SOL Te as plotted in Fig. 8. The profiles in this plot 

are produced in the same manner as those in Fig. 3, but extended into the SOL. The time 

dependence of the SOL Thomson scattering measurements that produced these profiles is 

shown in Fig. 9. Though there is a clear signal of a density rise in the SOL, the rise in Te 

is less than 100 eV within 200-300 ps after an ELM. This low density discharge has 
pedestal parameters of ne,ped - 5 ~ 1 0 ' ~  m-3, or ne,ped/nCW - 0.4, and Z&ed 
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-750 eV. These parameters correspond to an ion sound speed time from the outer 
midplane to the outer and inner targets of -50 ps and -120 ps respectively. The decay 

time of the SOL from Z&,ed during an ELM would be expected to be of this same order 

if the sheath was limiting heat flow from the pedestal. Though there is no evidence from 
the Thomson data that the SOL 7' ever reaches [r,,ped, this can not yet be taken as 

definitive as i t  is barely within the time resolution of the analysis. Finally, other 

discharges where the Thomson laser fired either during, or <lo0 ps after, an ELM also 

exhibited a rise in SOL 7' of only a fraction of Te,ped. 
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FIG. 8. R a d i a l  profile of the pedestal and SOL (a) n, and (b) Te just before and just after an ELM from 
T h o m s o n  scattering. 

To further examine what role the sheath may be playing in parallel transport of 

energy during an ELM a number of pedestal and divertor diagnostics viewed the 
discharge of Fig. 9 with fast time resolution as shown in Fig. 10. The first indication of 
rapid parallel transport of electron energy is the fast drop in the pedestal SXR emission 

which is very sensitive to Te. The SXR signal drop indicates a rapid perturbation to the 

pedestal [r, in 1100 IS, the time resolution of the SXR diagnostic. The divertor Da, Jsat 
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and heat flux, also shown in Fig. 10, indicate that the ELM pulse quickly travels to both 

divertors. The inboard and outboard divertor Da signals rise together as does the ion 

saturation current measured by Langmuir probes in the divertor target. The resulting 

target heat flux, measured by IR emission, is of similar magnitude in both the inboard and 

outboard divertors. The slower rise and fall of the heat flux is due to the slower time 

response of the IR camera, -100 ps, than the other particle flux diagnostics. There is 

-100-200 ps ELM-to-ELM variability in the simultaneity of the ELM particle pulse to 

the inboard and outboard divertors. Further work will be required to detail propagation of 

ELM particles through the SOL. 

0.25. 

0.20 

9 
4 
Y 

- .  - ' - .  - ' .  . - - .  . - .  

: 

c" 

FIG. 9. The time dependence of (a) ne and (b) Te at 1 cm outside the separatrix mapped to the outer 
midplane. This data is the basis for the profiles of Fig. 8. 
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F I G .  10. Time behavior of ELM characteristics at low density. Shown are the pedestal SXR, inboard and 
outboard divertor Da, inboard and outboard Jsat from Langmuir probes, the peak heat flux at the inboard 
and outboard divertor, and the interferometer signal passing through outboard divertor. 

An indication of a process that might allow greater heat flux through the target sheath 

is shown in the last trace of Fig. 10. This trace is from a CO, interferometer which 

measures the line integral of density on a vertical path through the main plasma and 

outboard divertor. The line integral of the density along this path rises from a value of 

1.4 x 1020 m-2 before the ELM to a peak value of 2 1 . 8 X  1020 m-2 in less than =lo0 ps 

during an ELM. We estimate the rise in divertor density at an ELM to be at least 

2 x 1020 m-3 given the path length of 18 cm through the divertor and the assumption that 

the density does not rise in the main plasma during an ELM. The density rise could 

actually be significantly larger if it is localized near the divertor surface. With a pre-ELM 

divertor density of -4~1019  m-3, as measured by Thomson scattering, and a similar 
pedestal density, the rise in divertor density to a much higher level indicates local 
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generation of plasma at the target rather than pedestal ions flowing to the divertor. One 

possible source of particle generation is local ions falling through a raised sheath created 

by fast electron conduction from the pedestal. Each ion, accelerated to several hundred 

eV, or more, could dislodge several neutrals from the target allowing for a rapid buildup 

of density and particle flux. A related observation of density generation in the SOL due to 

ELMS has been made on JT-6OU [21]. The increased particle flux from this process, and 

other factors such as secondary electron emission at the target, might increase the heat 

flux capacity of the sheath to a level that does not restrict energy transport from the 

pedestal into the SOL. 

A critical issue for ELM energy transport in the SOL and divertor is determining the 

sheath characteristics during an ELM. Through the processes outlined above, a sheath 

potential as high as several hundred eV might produce sufficient heat flux capacity at the 

target yet not restrict electron conduction from the pedestal. In addition, even if the 

sheath does not limit energy transport from the pedestal it will still very likely affect 

other important ELM characteristics such as the spatial profile and deposition time of the 

ELM energy onto the vessel walls. Investigation of sheath effects during an ELM remains 

a high priority for future work. 

There is also evidence of significant radial transport in the SOL during an ELM. This 

can be seen in the far SOL profiles of Fig. 8. The SOL density profile indicates a rise in 
density of - 1 x l O I 9  md3 at 5 cm outside the separatrix at the midplane within several 

hundered ys after the onset of the ELM instability. The flat profile suggests the density 

perturbation likely extends another 2-3 cm, to the location of the outer midplane wall. 

This observation is also confirmed by fast microwave reflectometry measurements which 

measure a rise in density all the way to the outboard midplane limiter in 1500 ys after an 

ELM. The decay time of the SOL density to the pre-ELM, Fig 9(a), state is 1-2 ms for 

both diagnostics. The integral of the rise in density around the plasma periphery is 

roughly equal to the density loss of the pedestal at each ELM. A density rise at the 

midplane might possibly be attributed to pedestal ions recycling off the target and then 

equilibrating around the SOL [22]. However the flow reversal of density from the 

divertor after an ELM would be expected to be slower, 21 ms after the ELM heat pulse 
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has been dissipated. No such slower rise in density has been observed in the midplane 

SOL. 

The SOL density measurements at an ELM are important in that they indicate a 
significant fraction of the pedestal ions strike the main chamber walls instead of flowing 

into the divertor. An ion-electron equilibration time of -400 ps at these parameters also 

implies such ions would carry much of their energy to the main chamber walls. While the 

density perturbation extends out to at least 5 cm outside the separatrix, the width of the 

divertor heat flux due to an ELM is measured to be only 1-2 cm mapped to the outer 

midplane, or 1-2 times the steady state heat flux width. These observations could be 

explained if electron conduction, not a flux of pedestal ions into the divertor, is 

responsible for the electron energy deposited on the target. The quantitative fraction of 
pedestal ions striking the main chamber and the poloidal and toroidal distribution of that 

flux is not yet known. Additional distributed measurements of ELM flux to the main 

chamber walls will be required to fully asses and characterize the radial ion transport at 
an ELM. 
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111. DISCUSSION 

At high density the ELMs in DIII-D become smaller through a reduction in the 

conducted energy, while the convected energy remains constant. These small ELMs 

appear to be just within a tolerable range if scaled to a larger burning plasma tokamak 

such as ITER. It is important to understand the processes that lead to these small ELMs in 
order to adequately predict operation in a future devices. MHD analysis of these 

discharges suggest that smaller ELMs result from both a loss of edge bootstrap current at 

higher collisionality, and a narrower pedestal at high density. A burning plasma, even at 

high normalized density, will be expected to have a low collisionality pedestal to meet its 

confinement goals and this would suggest large ELMs. The pedestal width is also an 

important stability parameter, but its scaling to a larger tokamak is still uncertain [23]. 

Some recent work on DIII-D suggest the pedestal width may be set, at least in part, by the 

neutral fueling penetration depth [24]. This process would suggest a narrower pedestal 

width, and smaller ELMs for future large tokamaks. This might also offer some 

flexibility in setting the pedestal width to optimize a trade off between confinement and 

ELM size. Finally, though a successful correlation has been established between ELM 

size and edge stability, further advances are needed. Codes that can couple transport to 

nonlinear and nonideal evolution of the edge MHD modes would significantly improve 

predictive capability. They might also improve our understanding of convective transport. 

The SOL and divertor measurements do not indicate that the sheath is playing a 

decisive role in setting the level of energy lost from the pedestal due to an ELM. 

However, previous measurements indicate the ELM heat flux deposition time is 

correlated with ion sound speed flow from the midplane to the divertor [18]. This would 

particularly be expected at high density where the transport of energy from the pedestal to 

the SOL is mostly convective. This should lead to longer deposition times and better 

compatibility for ELMs in the larger size off a burning plasma device. One final concern 

is the main chamber fluxes due to an ELM. Because of the longer ion equilibration times 

any ion lost from the pedestal will likely carry most of its energy to the wall or target. If a 
fraction of the ion flux is spread evenly about the main chamber this effect could be 
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beneficial. However if the flux is localized to a small area at the outer midplane damage 

to plasma facing components is possible. More work is needed to characterize this effect. 
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