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High temporal and spatial resolution measurements in the boundary of the DIII-D tokamak show
that edge-localized modes �ELMs� are produced in the low field side, are poloidally localized and
are composed of fast bursts ��20 to 40 �s long� of hot, dense plasma on a background of less
dense, colder plasma ��5�1018 m−3, 50 eV� possibly created by the bursts themselves. The ELMs
travel radially in the scrape-off layer �SOL�, starting at the separatrix at �450 m/s, and slow down
to �150 m/s near the wall, 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
quickly decay with radius in the SOL. The temperature decay length ��1.2 to 1.5 cm� is much
shorter than the density decay length ��3 to 8 cm�, and the latter decreases with increasing pedestal
�and SOL� density. The local particle and energy flux �assuming Ti=Te� at the midplane wall during
the bursts are 10% to 50% ��1 to 2�1021 m−2 s−1� and 1% to 2% ��20 to 30 kW/m2�,
respectively, of the LCFS fluxes, indicating that particles are transported radially much more
efficiently than heat. Evidence is presented suggesting toroidal rotation of the ELM plasma in the
SOL. The ELM plasma density and temperature increase linearly with discharge/pedestal density up
to a Greenwald fraction of �0.6, and then decrease resulting in more benign �grassier� ELMs. ©
2005 American Institute of Physics. �DOI: 10.1063/1.1949224�

I. INTRODUCTION

High performance tokamak discharges operate in ELM-
ing H-mode in order to combine high-energy confinement
with adequate particle exhaust. However, the edge-localized
mode �ELM� instability carries a considerable amount of par-
ticles and heat from the pedestal region into the scrape-off
layer �SOL� toward the divertor region and other plasma fac-
ing components �PFCs�, limiting their lifetime and causing
the release of impurities into the plasma. According to ac-
cepted scalings, type I ELMs are expected to exceed the
International Thermonuclear Experimental Reactor �ITER�
threshold �40 to 50 MJ m−2 t−1/2� by factors of 5 or more,1–4

resulting in a divertor lifetime of less than one full discharge.
On the other hand, recent results5–7 indicate that the initial
ELM energy scaling laws, showing a linear dependence with
pedestal pressure, can perhaps be circumvented if plasma
operation is conducted at high density/collisionality. It is,
therefore, important to reduce the ELM deposited energy
and/or extend its duration to keep the energy deposition be-
low the thresholds. Additionally, ELMs can have a deleteri-

ous effect on confinement by suddenly ��1 m/s� collapsing
the pedestal region and causing an inward cold pulse. There-
fore, it is important to invest a significant effort to study
ELMs and the ELM dynamics in the SOL in order to envi-
sion ways of controlling their interaction with the PFCs.

A number of theoretical studies8 of ELMs have noted
that the sharp pressure gradients, and consequent large boot-
strap currents in the pedestal region, can destabilize magne-
tohydrodynamic �MHD� peeling �i.e., edge-localized exter-
nal kink� and ballooning modes over a wide range of toroidal
mode numbers �n�. Recent studies9–11 have emphasized the
complex dual role the bootstrap current plays in the stability
physics, on one hand driving peeling modes, while on the
other lowering edge shear and opening second stability ac-
cess to high-n ballooning modes. Field line bending stabi-
lizes long wavelength modes, while short wavelengths are
stabilized by a combination of second stability and finite
Larmor radius �FLR�/diamagnetic effects, shifting the limit-
ing modes to intermediate wavelengths �typically n�4 to
40�. These dominant modes are referred to9,10 as coupled
“peeling-ballooning” modes, and are driven by both parallel
current �Jped� and the pressure gradient �pped� �. These
intermediate-n peeling-ballooning modes impose constraints
on the pedestal height, which are functions of the pedestal
width, plasma shape, collisionality, safety factor, and other
equilibrium details. Studies of the nonlinear evolution of
these peeling-ballooning modes are in their infancy; how-
ever, some expected general characteristics of a peeling-
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ballooning mode driven ELM crash can be surmised from
linear calculations of mode structures along with insight
from preliminary nonlinear studies.

A characteristic linear mode structure for an n=10
peeling-ballooning mode in a DIII-D plasma, calculated us-
ing the ELITE code,10,11 is shown in Fig. 1. The mode has its
maximum amplitude on the outer midplane and has very
small amplitude on the high field side of the plasma. The
mode structure follows field lines and, thus consists of a
series of filaments with a length �qR along the field line, a
poloidal wavenumber of roughly nq, and a radial extent
somewhat larger than the pedestal width �noting that the lo-
cal field line curvature should replace q for a more accurate
estimate�. Preliminary nonlinear studies12 suggest that during
the ELM, a number of these filaments will grow in the ped-
estal region and travel across the separatrix into the SOL,
carrying particles and heat with them. Series of model equi-
libria have been constructed for DIII-D discharges, matching
the observed values of Bt, Ip, R, a, pedestal density, triangu-
larity and ellipticity, following recently developed
techniques.10 Pedestal stability boundaries, calculated by
ELITE, suggest that the pedestal in these shots �the ones used
in this study� is reaching peeling-ballooning stability bound-
aries when ELMs are observed. This is in agreement with
other studies of ELMs in DIII-D,10,11 which have consis-
tently found agreement between ELM observations and the
peeling-ballooning model.

However, the existing theoretical understanding does not
predict the nonlinear phase of the ELM, has just included
toroidal rotation, and has yet to include other effects such as
poloidal rotation and finite resistivity.12 The effect of toroidal
rotation implemented on the ELITE model is to slightly nar-
row the modes radially and extend them poloidally. There-
fore, experimental work still remains to be done on provid-
ing the theorists with detailed information on ELM genesis,
structure and propagation that can be used to improve the
models. This paper attempts to provide an answer to some of

the unknowns such as where the ELMs are forming, their
radial and poloidal extent and dynamics once they leave the
pedestal.

II. EXPERIMENTAL SETUP

Experiments to characterize ELMs on the DIII-D
tokamak13 were carried out in H-mode discharges featuring
type I ELMs with plasma current Ip=1.4 MA, toroidal field
of BT=1.7 T at the axis, R=1.7 m and neutral beam heating
power of up to 4.5 MW. Lower single-null divertor geometry
�at the bottom of the vacuum vessel� with ion �B drift to-
ward the divertor was used. The density was increased in a
series of sequential discharges, two of which are shown in
Fig. 2, from �ne� /nGW=0.40 to 0.8.

The principal measurements were made by the fast radi-
ometer array14 �DISRAD2�, a fast scanning probe,15 beam
emission spectroscopy16 �BES�, reflectometry17 and the di-
vertor current monitor tile array.18 The fast scanning probe
array features five tips �Fig. 3, upper inset� that sense current
I, saturation current, Isat, and floating potential, � f. The ion
saturation current Isat, given by the expression Isat

=1/2Aprenecs=1/2Aprene�k�Te+Ti� /mi�1/2 �Te and Ti are the
ion and electron temperatures respectively, Apr is the tip area
and ne is the electron density� and thus the electron density
can be extracted if Te is known �assuming Te=Ti�. A fast Te

measurement19 with bandwidth of �250 kHz is used to re-
solve the temperature inside the ELMs. All probe measure-
ments are combined to infer the radial particle flux, �r, de-
fined as �neE�� /B�. The poloidal electric field, E�= �Vf1

−Vf2� /	, for probe tips separated a distance 	; all sampled at
a 1 MHz rate. The probe scans horizontally from the outside
wall in approximately 250 m/s along the path indicated in
Fig. 3 �lower inset�. The calculation of E� assumes that the
temperature and sheath drop are identical in both floating
potential tips and that the objects under study are larger than
the separation between the tips �4 mm�. The last assumption
is justified later using BES data. The plasma potential Vp was
calculated as Vp�� f +3.0kTe.

The BES system, configured as a 5�6 fiber array as
seen in Fig. 3 �lower inset�, was located at the edge of the

FIG. 1. ELITE calculation showing a poloidal cross section of DIII-D and
indicating the peeling-ballooning perturbations to the equilibrium which fea-
ture a high m number. The amplitude of the perturbation is greatest at the
low field side and rapidly diminished with poloidal angle.

FIG. 2. Time evolution of two H-mode discharges in DIII-D showing from
top to bottom: energy content, density and plasma current. The two dis-
charges have different density but are otherwise identical. The probe is
inserted at the time marked by the thick vertical lines.
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plasma in the midplane to provide fast �1 �s� two-
dimensional �2-D� imaging of the density. The DISRAD214

measures absolutely calibrated photon intensity along 30 po-
loidally separated view chords, as shown in Fig. 4, at a tor-
oidal angle of 225° at a rate of 100 kHz and a photon energy
response of 1 eV to 5 keV. Most of the plasma radiation is in
the range 10 to 500 eV �Lyman-a and C lines�, falling well
within the DISRAD2 spectral response. To interpret the line-
integrated radiated power measurements, the SOL is broken
into seven poloidally separated emission regions and the di-
vertor is broken into three regions �an outer leg, an inner leg,
and the PFR, as shown in Fig. 4. The radial boundaries of the

regions are made using EFIT magnetic reconstructions20 of
the flux surfaces. The line-integrated data are then inverted
assuming that the emissivity is constant in each of these
regions. Least-squares with constrained positivity is used
since the inversion is over-determined �10 regions with 30
data points at each time slice�.

Other critical diagnostics are: the reflectometer at
DIII-D21 that operates at 33 to 55 GHz and can sweep its
frequency range in 5 �s, thus providing fast density profile
information, and the divertor current monitor array, shown in
Fig. 5, consists of many tiles configured as current monitors
with a frequency response of 1 MHz. A variety of other
diagnostics such as tangential and vertical D-alpha arrays22

are also shown in Fig. 3. All the above measurements are
mapped onto the magnetic surfaces, displayed in Fig. 3, cal-
culated by the toroidal equilibrium fitting code EFIT.23

III. GENERAL ELM CHARACTERIZATION

Initially, we will try to shed some light on general ques-
tions about ELMs, such as where are they formed, what kind
of structure they possess and how they move in the edge/
SOL.

Analysis of the DISRAD2 data14 �Fig. 6� shows the in-

FIG. 3. Poloidal cut of DIII-D showing the magnetic geometry and some
relevant diagnostics. Two insets show �top� the scanning probe tip geometry
and �bottom� the BES diagnostic geometry. The Thomson scattering tangen-
tial chords are indicated as blue dots. Some of the D
 chords viewing the
divertor floor are also indicated. One of the divertor current monitor tiles is
highlighted at the outer strike point.

FIG. 4. DISRAD2 viewing geometry showing the 30 view chords and the
10 emissivity regions used to invert the line-integrated data.

FIG. 5. View of the divertor floor, indicating the current monitor tiles as
black blocks and indicating the toroidal location of some of the diagnostics
used.

FIG. 6. Inversion of DISRAD2 data from a single ELM �type I� showing
radiation peaking first in the outer SOL �region 9�, then in the inner SOL
�region 3�, later at the inner divertor �region 5�, and last at the outer divertor
�region 7�, demonstrating ELM propagation over the top of the plasma into
the inner divertor leg.
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tegrated ELM radiation for the various plasma regions indi-
cated in Fig. 4 as a function of time measured from the
beginning of an arbitrary ELM or t0. The data indicate that
the radiation rises first on the outer SOL �regions 9 and 10�
indicating low field side ELM formation, it then rises in the
inner SOL �regions 2 and 3� and thereafter in the inner and
outer SOL divertor regions simultaneously. The risetime of
the signals is �100–200 �s, consistent with ELM plasma
radial propagation as will be discussed later. Additional evi-
dence supporting low field side ELM formation in DIII-D,
based on double-null configuration ELM divertor fluxes, has
also been recently presented.23 Typically, about one-half of
the ELM radiation comes from the LFS and HFS SOL re-
gions before rising at the divertor region clearly demonstrat-
ing significant ELM radial motion. Particle propagation
times between the outer wall and divertor �i.e., parallel
propagation� are of the order 100 �s, consistent with the ion
sound speed, but much too slow for electron sound speed.

Various frames from BES,16,24 taken at an arbitrary time,
t0
BES and various intervals later �up to t0

BES+16 �s� and
shown in Fig. 7, feature an ELM as a positive density feature
appearing at the bottom of the frame and moving upward.
The data shown are the deviation from the average value and
in the color scheme, white represents average �or back-
ground� density, red and blue represent positive and negative
fluctuations, and black indicates saturation. The LCFS is in-
dicated by a solid vertical line. As time progresses, it is seen
that the ELM appears at the top frame �Fig. 7�a�� and later,
plasma ejections are produced near the separatrix �Fig. 7�c��
and move radially �Figs. 7�c�–7�e��. The plasma ejection,
marked with a circle, moves radially at nearly 8 km/s in
these discharges.

The data clearly indicate: �1� ELMs form in the low field
side; �2� the ELMs have a finite poloidal and radial extent;
�3� the ELM plasma moves radially at a few km/s near the
LCFS, �4� the ELM plasma also moves poloidally; and �5�
the ELM plasma �or parts thereof� spreads radially as it
moves towards the wall. The BES data were taken in a set of
discharges different from the ones where probe data were
taken and, thus the ELM detailed behavior may differ quan-
titatively; therefore, only the qualitative characteristics are
emphasized.

A separate confirmation of the ELM radial propagation
into the SOL, a reproducible feature, is obtained from reflec-
tometry in a separate set of discharges. As the ELM evolves,
the plasma travels outward as seen in Fig. 8�b�, with a ve-
locity that peaks at �500 m/s and decays later as shown in
Fig. 8�a�. The velocity of the ELM plasma can be calculated
from probe measurements as Vr=E�B /B2 and the data,
marked as circles in Fig. 8�a�, verify the reflectometry mea-
sured speed at the LCFS and its reduction with radius and
time, slowing down to �120 m/s near the wall.

A close look at fast diagnostic data, shown in Fig. 9,
reveals that the ELMs have a complex spatiotemporal time
structure, as reported recently,25 consistently with BES data,
that can be observed as multiple spikes in the signals, par-
ticularly in the Isat current signal �Fig. 9�b�� from the mid-
plane Langmuir reciprocating probe and the current from the
floor tile array �Fig. 9�e��, which are the largest bandwidth

instruments considered. The data are somewhat smoother in
the photodiode signals �Figs. 9�a�, 9�c�, and 9�d��, partially
because of bandwidth and partially because of the surface
and atomic physics involved. Although the ELMs are not
completely reproducible, showing a scattering in amplitude
of 20% to 30%, as seen in Figs. 9 and 10, they are similar
enough that they can be assumed to be the same object for
many purposes. The probe data were taken during various
probe plunges in identical conditions and each probe plunge
can contain information about several ELMs as seen in Figs.
9�b� and 10�b�. The probe is moving slowly �2 to 5 m/s� as
compared to the ELMs �Fig. 10�a��, so it can be considered
stationary for each ELM, but it moves enough between
ELMs that the sensors are located at a significantly different
radial position and, therefore, data on radial ELM variation
are obtained.

Temperature and density data taken by probes at three

FIG. 7. Frames from BES showing 2-D density plots which were taken
every 1 �s. The type I ELM starts at t0 and the frames are taken at key times
thereafter to illustrate ELM characteristics. The ELM shows a poloidal
structure that quickly becomes quite complex. Radial and poloidal motion of
ejection is clearly seen.
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radial locations in the SOL as ELMs travel radially past the
comparatively slow-moving probe are shown in Fig. 11. It is
important to notice that the different radial locations corre-
spond to different ELMs. The high time resolution data, dis-
played in a 12 m/s window that arbitrarily spans the ELM
duration, is shown as dots and the running average as a thick
line. The ELM plasma features peak ne values corresponding
to those at the top of the density pedestal ��8.5
�1019 m−3� if the spatial decay is accounted for �Figs. 9 and
2�. The pedestal Te and ne profile from Thomson scattering
corresponding to the discharge above is highlighted with a
thick line in Fig. 12. The ELM plasma in the near SOL �R
−Rsep=0.4 in Fig. 11� features peak ne values corresponding
to that in the pedestal at the position marked with the vertical
line in Fig. 12, i.e., ne=6.5�1019 m−3, thus suggesting that

the ELM peels off from the top of the density pedestal. The
ELM plasma peak temperature ��225 eV� is lower than that
at the indicated pedestal position �Te�340 eV�, however,
this discrepancy is due to the fact that the ELM plasma tem-
perature has a decay length ��1 cm� much shorter than the
density decay length ��2 cm�, as will be shown later. In
summary, the data are consistent with the ELM plasma origi-
nating at the top of the density pedestal.

Inspection of the probe data in Fig. 11 leads to various
immediate conclusions: �1� the data feature large bursts of Te

and ne, �2� the ELM carries plasma with density and tem-
perature similar to those at the top of the density pedestal, �3�
the peak density and temperature in the ELM decay with
radius, �4� the temporal/spatial spread of the bursts seems to
increase with radius, and �5� there is a quasistationary plasma
background �thick line in Fig. 11� between the large spikes
featuring a density of �2 to 8�1019 m−3 and temperature
�5 to 50 eV �depending on radius�.

In summary, this section presented evidence that: �1�
ELMs originate in the low field side, �2� ELMs are com-
prised of short bursts of hot, dense plasma, �3� ELMs move

FIG. 8. Reflectometry data showing �a� velocity of the density front during
an ELM and �b� contour plot of SOL density. The ELM moves rapidly from
the LCFS at speeds up to 500 m/s and reaches the wall within 200 �s. The
reflectometry-measured density presented here reaches only 0.8�1019 m−3

so only the lower pedestal �SOL� is seen.

FIG. 9. Data from various fast diagnostics including �a� D
 from the mid-
plane tangential array, �b� scanning probe Isat, �c� and �d� D
 from the
divertor array, and �e� current from the tile array. The complex structure of
the ELMs is more evident in the fastest diagnostics.

FIG. 10. The probe position versus time �a� is shown as two ELMs strike
the probe sensors drawing a large saturation current, Isat �b� Since the ELMs
are very reproducible �c�, the variation in Isat is assumed to correspond to the
radial attenuation of the ELMs.

FIG. 11. High time resolution probe data of density �top row� and tempera-
ture �bottom row� for various radii showing the spatiotemporal complexity
of ELMs and the loss of particles and energy as the ELM plasma leaves the
LCFS behind. The relative timing of the ELM is arbitrary.
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radially and also poloidally �at E�B speed�, �4� ELMs are
probably originated at the top of the density pedestal, and �5�
ELM bursts are poloidally localized.

IV. RADIAL PARTICLE AND HEAT ELM TRANSPORT

Since issues of great concern related to ELM physics are
those of recycling regions, impurity generation and transport
and survivability of the walls and divertor, then a few ques-
tions seem immediate, namely: �1� how and how fast does
the ELM plasma get to the wall, �2� how does the ELM
plasma density and temperature decay with radius, and �3�
how does the ELM plasma parameters scale with pedestal
parameters?

From BES �Fig. 7� and probe data, it is clear that during
the ELM there are various instances of plasma being ejected
toward the SOL; these are clearly convective phenomena.
The radial transport can be estimated in various ways; BES
data shown in Fig. 7 indicate an initial velocity �at the LCFS�
of �500 to 1000 m/s; reflectometry data, shown in Fig. 8
indicate a peak ELM plasma velocity of �450 m/s that rap-
idly slows down within 0.20 m/s, as the ELM crosses the
SOL. Additionally, the ELM plasma features an internal �av-
erage� poloidal field, E�, that is measured by two poloidally
spaced tips and, therefore, the ELM radial speed in the SOL
can be extracted as Vr= �E��B /B2�. The dataset described
above yields ELM radial speeds of �450 m/s near the sepa-

ratrix that slow down to �120 m/s at 4 cm into the SOL
with a decay length of �1 cm and in fair agreement with the
other measurements. At the highest speed, the ELM would
strike the wall �6 to 7 cm from the LCFS� in �0.15 m/s, but
due to the deceleration, the total radial transit time is closer
to 0.3 m/s for these discharges.

The peak density and temperature of the ELM plasma
decay with radius as can be easily seen in Fig. 10 and is
shown in detail in Fig. 13. A few conclusions can be imme-
diately gained by inspecting the data: �1� the temperature
falls with a short ��1.5 cm� decay length, and �2� the density
falls with a much longer ��3 to 10 cm� decay length, indi-
cating that the ELM heat is lost more efficiently �by parallel
transport� than the particles. The density dependence will be
discussed later.

It is possible to calculate the local peak heat and particle
flux convected by the ELM toward the wall as �r=nVr and
Qr=2�3/2nTVr. Since, T, n, and Vr decay with radius �Vr

from �450 to �150 m/s�, an estimate can be made for the
LCFS and another for the wall. Notice that the hot dense
pulses of plasma exist on top of a less dense, colder plasma
�Fig. 14� with ne�5�1018, Te�50 eV that also bears heat
and particle fluxes to the wall, although much lower than the
peak values; therefore, we will concentrate on peak values.
The calculation assumes Ti=Te in the SOL, although Figs. 13
and 19 suggest that �Ti

��Te
, possibly leading to Ti�Te in

the SOL and therefore, we could be underestimating the local
heat flux. Unfortunately, probe data and CER data were
taken in quite different discharges since the power had to
be low for probe measurements resulting in too low CER
signals.

FIG. 12. Thomson scattering data featuring profiles of �a� temperature and
�b� density in the plasma edge and SOL for discharges with various densi-
ties. The vertical line indicates the radius possessing Te and Ne similar to the
ELM peak values shown in Fig. 11. The pedestal profiles corresponding to
the discharge with �ne�=8.5�1013 cm−3 are highlighted with a rough fit. The
ELM carries with it information from that region in the pedestal, suggesting
its birthplace.

FIG. 13. Radial variation of the ELM 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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The measured ELM-induced convected radial heat flux
at the LCFS due to the pulses at the wall �peak values� is
�1800% of the average �calculated as �Pin− Prad�/Area,
where Pin− Prad�3.8 MW and Area�38 m2� at the LCFS, at
�ne� /nGW=0.8 and �1500% at �ne� /nGW=0.45. On the other
hand, the pulsed power deposited by the ELM can be esti-
mated by calculating the core energy losses during an
ELM.29 Such losses result in a loss of �0.0264 MJ in ap-
proximately 0.5 m/s, resulting on average heat flux of
1.32 MW/m2 and quite comparable, within the approxima-
tions and error bars, to the LCFS heat flux values in Table I.

The convected local ELM-induced radial heat flux
reaching the wall, shown in Table I, is only a �2% fraction
of the LCFS heat flux, consistently with the short
��1.5 cm� Te radial decay. Thus, clearly much of the heat
flux is transported along the magnetic field and strikes the
divertor floor as has been previously observed by IR
cameras.26,27 which measure a broadening of the heat foot-
print during an ELM, thus supporting the measurements of
radial heat transport.

On the other hand, the ELM local convected radial par-
ticle flux due to the pulses at the wall is 10% to 50% of the
LCFS local radial flux, corresponding to a particle flux of
�1.6�1021 m−2 s−1, consistent with the long density decay
length ��3 to 8 cm�.

The ELM plasma peak temperature decay length is much
shorter than the peak density decay length and the observa-
tion suggests that the physics that drains the ELMs of par-
ticles and energy is similar to that affecting bursty structures
or blobs. The decay of the ELM �considered as elongated
structures along the magnetic field� density and temperature
can then be grossly predicted28 to be

n�r,t� = n�r�/�1 + t/T�2
/
T and T�t� = T0/�1 + t/T�2,

�1�

where 
T=
SE; T=2/ �
TT0
1/2�, 
 measures the net parallel

current to the divertor plates, SE is the sheath energy trans-
mission factor and T0 is the temperature of the ELM as it
detaches from the LCFS. Since 2
 /
T=2/SE�1 and thus
much smaller than the temperature exponent, the temperature
decays much more rapidly than the density, just as observed
in the experiment.

This section showed that �1� ELM plasma bursts convect
�i.e., nondiffusive� heat and particles into the SOL, �2� the
temperature has a short decay length �indicating dominance
of parallel heat transport�, �3� the density has a long decay
length �indicating fast radial convective transport�, and �4�
heat and particle transport occur in short ��40 �s� bursts of
hot, dense plasma on top of a quasistationary ��1 to 2 m/s�,
less dense, colder plasma transient.

V. DENSITY SCALING OF ELM PLASMA
AND TRANSPORT

Since operating regimes that produce low amplitude, less
damaging ELMs are being explored5,29,30 as a possible sce-
nario for future machines, it is useful to investigate how the
ELM plasma dynamics in the SOL varies with pedestal pa-
rameters. In these experiments, the density was increased on
a discharge-to-discharge basis from �ne� /nGW=0.4 to 0.8.

The ELM density measured by the probe at �1 cm from
the LCFS is shown in Fig. 14 for three different densities
corresponding to �ne� /nGW=0.4, 0.65 and 0.8. The most no-
ticeable result is that the amplitude of the ELM density
bursts increases with density but then drops at the highest
density while the ELM time evolution also seems to change.
The drop in ELM particle and energy content with density,
due to a transition toward type III ELMs at higher collission-
ality, has been previously documented29 based on core
plasma particle and energy balances.

The radial decay of the ELM peak density and tempera-
ture with distance from the LCFS varies with density as
shown in Fig. 13. At high ne �ne /ng=0.85� the density decay
length, LN�3.8 cm while the temperature decay length, LT is
�1.2 cm. At ne /ng=0.45, LN and LT are 13 cm and 1.3 cm,
respectively. Therefore, at low densities, the particles in the
ELM travel essentially unhindered toward the wall. While at
high density, the particles are quickly drained or dissipated.
The heat in the ELM seems to be dissipated rapidly with
radius, no matter the pedestal density.

Additional information extracted from Table I is that the
ELM local peak particle flux at the wall is quite similar for
all densities due to the fact that at higher pedestal densities
the ELM plasma density increases but the decay length be-
comes shorter.

DISRAD2 ELM data were studied during discharges
�110394−110409� with densities at the edge of the pedestal
ranging from ne=4�1013 to 8�1013 cm−3, with correspond-
ing electron temperatures Te=300−600 eV. The results
�Figs. 15�a� and 15�b�� indicate that radiation from the inner
divertor increases with density and dominates at all densities,

FIG. 14. Variation of the ELM density at R−Rsep�1 cm for �a� high den-
sity, �b� medium, and �c� low density discharges. The ELM density increases
initially with discharge density but drops for the highest density case.

TABLE I. Radial particle �Tr
ELM� and heat �Qr

ELM� fluxes due to an ELM at
the LCFS and the wall for low density �ne� /nGW=0.45 high density
�ne� /nGW=0.8 discharges.

�ne� /nGW=0.8 �r
ELM �m−2 s−1� Qr

ELM �J m−2 s−1�
LCFS 1.0�1022 1 800 000

Wall 1.5�1021 21 600

�ne� /nGW=0.45 �r
ELM �m−2 s−1� Qr

ELM �J m−2 s−1�
LCFS 5.6�1021 1 323 000

Wall 1.8�1021 27 000
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followed by that from the inner SOL, outer SOL, and outer
divertor. The lag time between the surge of emissivity in the
outer SOL �near where ELMs are produced� and the surge in
the inner and outer divertor are shown in Fig. 15�c�. Surpris-
ingly, the lag is much larger between the outer SOL and the
outer divertor than between the outer SOL and the inner
divertor, but only at the lowest densities since they become
roughly equal as the density increases. These observations
can show a different behavior than that of the D-alpha radia-
tion or particle fluxes by themselves. Since the radiation pro-
cesses are complex, the distribution of impurities is involved,
and the ELM motion may be quite complex; as seen later,
interpretation is still open.

VI. VARIOUS INTERPRETATIONS OF THE ELM
DYNAMICS DATA

The data presented above offer new information about
the properties of ELMs but have to be now reconciled with
data from other diagnostics and to the current experimental
and theoretical understanding. The ELMs are expected to
start as poloidally, and perhaps even toroidally, localized.

Once the magnetic surfaces burst and plasma is spilled into
the edge/SOL, a rapid expansion along the field lines is ex-
pected, together with radial motion. Among the many
puzzles are �1� why supposedly poloidally localized events
can be seen at essentially all poloidal and toroidal locations
with little �100 to 200 �s� delay, comparable to ion
midplane-divertor parallel transit times, �2� how can the
complex structure of the fast signals be explained, and �3�
how is the radial speed of the ELMs and corresponding life-
time ��400 �s� compatible with other time constants?

A. Radial motion paradigm

It is seen in Figs. 11 and 14 that the ELM features a
high-density pulse propagating first and quickly followed by
subsequent fronts of progressively decaying amplitude.
Assuming mainly radial motion of the ELMs and using the
measured radial ELM velocity, Vr, at the LCFS
��450 m/s�, the radial extent of each front can be estimated
as 	r=Vr�	t, where 	t is the duration of the pulse. Radial
extents of 3 to 5 cm and of 2 to 3 cm per pulse are obtained
from the pulse duration ��20 to 40 �s long� in Fig. 16 for
the high �n /nG=0.8� and low �n /nG=0.4� density cases, re-
spectively. Gaps lasting �130 to 140 �s are seen between

FIG. 15. Average values of �a� ELM radiated energy, �b� ELM peak emis-
sivity, and �c� ELM propagation time as a function of plasma density for the
various boundary regions marked in Fig. 4 as measured by DISRAD.

FIG. 16. High time-resolution ELM density data for �a� low discharge den-
sity �n /ng=0.4� and �b� high discharge density and �n /ng=0.8�, illustrating
the complex structure of ELMs. The successive bursts of high density lasts
�30 �s �see inset in Fig. 16�b�� and initially appear at fairly regular inter-
vals ��140 �s at high density, 230 �s at low density�. The intervals can
show some significant gaps of �300 to 400 �s between groups of bursts.
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pulses in Fig. 16�a�, sometimes followed by a longer gap of
�800 �s between trains of pulses. The pulses are more regu-
lar in Fig. 16�b�, with gaps of �230 �s followed by a longer
gap of �360 �s. Therefore, the ELM comes from the LCFS
in well-defined bursts that substantially fill the SOL �6 to 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 with little time delay
��100 �s�. The usual answer is that the ELMs have a high n
number in the linear phase and that a substantial number of
these high amplitude regions will grow and nonlinearly ex-
pand simultaneously into the SOL, thus covering a large
amount of the SOL volume.

Another possibility is that the ELM plasma is also rotat-
ing toroidally. A first piece of evidence is obtained from data
from the tile array, shown in Fig. 17. The tile currents are
plotted versus toroidal angle for two times during an ELM
�solid lines� and compared to data in between ELMs �dashed
line�. It is clear that the tile toroidal current distribution,
fairly symmetric before the ELM, develops an asymmetry
that evolves in time during the ELM, as first presented by
Evans;18 however, these data are only supportive, but not
conclusive of ELM toroidal motion.

Additional support for a rotating ELM paradigm is ob-
tained from time-lag correlation calculations applied to the
tile array data, shown in Fig. 18�a� and magnetic coil data,
shown in Fig. 18�e�. The correlation function is shown fitted
by a Gaussian so that the time lag can be accurately mea-
sured as a fit parameter. The two signals used for the calcu-
lation and a photodiode signal for reference are plotted in
each figure. The delay between the tile current signals is
96 �s during discharge 110496, and since the tiles are 45°
apart at R=1.65 m radius, it corresponds to a toroidal veloc-
ity of 13.5 km/s. This velocity compares reasonably with the
carbon toroidal speed of 22 km/s at the LCFS measured us-

ing CER31 for the same discharge. However, the CER mea-
sure carbon ion velocity and not background plasma velocity.

The photodiode signal featuring a single ELM and the
CER speeds at radii near the LCFS are shown in Fig. 19,
together with a rotation profile before �t0−1 m/s� and during
�t0� an ELM, where t0 is determined by the rise of the fast D


signal in the divertor and the floating potential in the mid-
plane probe. The CER signals indicate a sudden drop in the
edge/SOL carbon ion toroidal velocity during an ELM and
the subsequent recovery �3 m/s later, corresponding to mo-
mentum transport from the core. The sudden deceleration at
the onset of an ELM in the innermost chord �R−Rsep

=−2.2 cm� is concomitant with a transient increase further
out and in the SOL, which lasts �1 ms, consistent with the
radial ELM plasma travel time ��0.3 ms�. Furthermore, the
peak velocity of the radial transient is that of the innermost
chord pre-ELM velocity. It is then reasonable to assume that
the ELM carries some momentum with it upon detachment
from the LCFS and that momentum keeps the ELM plasma
rotating. The ELM plasma rotation velocity quickly slows
down with radius in the SOL as seen in the rotation profile
inset �Fig 19�b��. The ion temperature, also shown in Fig.
19�c�, increases steeply during the ELM to values close to
the one at the top of the pedestal, supporting the idea of hot,
dense plasma originating there. However, Ti from CER can-
not be compared to Te from probe measurements because the
data have been taken in different discharge types due to di-
agnostic limitations. Closure of Ti vs Te in the SOL question
is an ongoing work and will be addressed in a future paper.

The CER-measured toroidal velocity is �27 km/s in the
SOL, corresponds to �650 �s period, longer than the ex-

FIG. 17. Current from the tile array as function of toroidal angle �or tile
position� for a time interval between Elms �dashed line� and two time slices
during an ELM �solid line and dot-dashed line�. During an ELM, toroidal
asymmetries arise and change with time.

FIG. 18. Time lag cross correlation between signals from two floor tiles �a�
is shown versus lag time indicating a delay of 90 �s. A floor D
 signal �b�
is shown as a fiducial to compare to the two tile signals �c�,�d�. Similar
calculation is performed for two B-dot coils indicating a lag of 21 �s �e�,�i�.
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pected ELM plasma radial travel time of 200 to 300 �s, so
the ELM plasma does not have time to rotate fully before
striking the wall.

Once the rotation assumption is considered, Figs. 11, 14,
and 17 and particularly Fig. 16, can be examined in a differ-
ent light. The initial bursts in Fig. 16�a� are separated by
�135 �s, followed by a �450 �s gap before the bursts start
again. This sequence could be interpreted as three filaments
rotating by the probe and returning with a period T
=800 �s while decaying by parallel transport drainage. Like-
wise, Fig. 16�b� can be interpreted as two filaments returning
after �600 �s.

This paradigm could address why the ELM signals al-
ways appear in all diagnostics within 200 �s or so and with
relative delays that are hard to unravel. But more toroidally
spread fast diagnostics are needed in DIII-D and other toka-
maks.

VII. SUMMARY AND CONCLUSIONS

Data from the DISRAD radiometer and BES clearly in-
dicate ELM formation in the low field side of DIII-D and
further propagation elsewhere. The BES data clearly show
finite poloidal and radial extent of the ELM and, in agree-
ment with reflectometry and probes, radial propagation. It is
found that the ELMs feature complex, bursty plasma struc-
tures with Te and Ne that can be traced to those at the top of
the density pedestal, suggesting formation in that region. An
implication of these data is that the modeling of ELM plasma
particle and heat fluxes to the divertor is bursty in character,

instead of a single pulse, with transient values much higher
than the average.3,32

The radial propagation of coherent structures results in
strong convection for particles and not so strong for heat.
While the convective radial heat transport seems to be
strongly dependent on density, that of particles is less so. An
immediate implication of these data is that modelers should
simulate ELM plasma transport as a convective process and
not as a diffusive one. The bursty behavior of transport may
also be important to modeling of heat flux to the divertor.3,32

The slow radial decay of the ELM plasma density indi-
cates that resulting wall recycling and impurity release dur-
ing ELMs will need to be investigated in more detail. The
fast radial decay of the ELM plasma temperature suggests
that sophisticated techniques will be necessary to mitigate
the heat load to the divertor, which is now considered bor-
derline for ITER.3

The data presented are in agreement with linear predic-
tions of ELMS being strongly localized poloidally and aris-
ing in the pedestal. However, data indicate that the nonlinear
phase of ELM evolution is key to some of its dynamical
properties such as final volume, shape and radial velocity
that determine the final impact of the ELMs on the walls and
PFCs. Finally, the role of toroidal rotation on the ELM dy-
namics needs to be investigated further with fast, toroidally
spread diagnostics.
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