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Abstract. Edge-localized-modes (ELMs) are a ubiquitous feature of H-mode in tokamaks.
When gradients in the H-mode transport barrier grow to exceed the MHD stability limit
the ELM instability grows explosively rapidly transporting energy and particles onto
open field lines and material surfaces. Though ELMs provide additional particle and
impurity transport through the H-mode transport barrier, enabling steady operation, the
resulting heat flux transients to plasma facing surfaces project to large amplitude in future
low collisionality burning plasma tokamaks. Measurements of the ELM heat flux
deposition onto material surfaces in the divertor and main chamber indicate significant
broadening compared to inter-ELM heat flux, with a timescale for energy deposition that
is consistent with sonic ion flow and numerical simulation. Comprehensive ELM
simulation is highlighting the important physics processes of ELM transport including
parallel transport due to magnetic reconnection and turbulence resulting from collapse of
the H-mode transport barrier. Encouraging prospects for ELM control and/or suppression
in future tokamaks include intrinsic modes of ELM free operation, ELM triggering with

frequent small pellet injection and the application of 3D magnetic fields.
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I. Introduction

From the initial observation of the high confinement regime (H-mode) in the tokamak
this mode of operation has been accompanied by periodic bursts of ejected plasma
labeled edge-localized-modes (ELMs)."” Many of the important aspects of ELM are
highlighted in the discharge from DIII-D shown in Fig. 1. With additional heating, a
spontaneous transition to H-mode results in an edge transport barrier with growing
gradients in density and temperature just inside the last closed flux surface (LCFS), or
separatrix in diverted tokamaks. This transition results in a large increase in global stored
energy and confinement, primarily from an increase in the edge pressure. The edge
pressure and its associated gradients grow until an MHD limit is reached. The resulting
ELM instability causes a rapid relaxation of the edge pressure with a burst of heat flux
flowing into the divertor. After the ELM burst relaxes the edge pressure, the H-mode
transport barrier is re-established allowing the edge pressure and its gradients to build

toward the next ELM.

The ELM has several important implications for the H-mode operational regime in
future burning plasma tokamaks. First the ELM provides density, and particularly
impurity control for the core plasma. The H-mode barrier is particularly effective at
confining fuel ions and impurities within the core plasma.’ This becomes a problem as
accumulating impurities eventually lead to a radiative collapse of the plasma discharge,
and in a burning plasma would also dilute the core plasma fuel. The ELM provides a
mechanism for flushing these impurities through the H-mode transport barrier. On the
deleterious side, the ELM burst transports a heat flux transient to plasma facing

components (PFCs), particularly in the divertor, but also to the main chamber walls. In



future larger burning plasma tokamaks, where the plasma stored energy normalized by
surface area will be significantly larger than in current devices, the ELM heat flux burst
represents a significant risk of damage to PFCs. Another implication of the ELM is the
potential for coupling to, or triggering, other MHD instabilities such as the Resistive Wall
Mode (RWM) or Neoclassical Tearing Mode (NTM).*

Developing a predictive capability for the ELM instability involves a broad cross-
section of fusion plasma physics. The ELM story begins with the physics of the H-mode
and the spontaneous transport barrier formation with steep gradients in both temperature
and density. It includes ideal MHD with limits to pressure and current gradients. It
continues with nonlinear MHD evolution and magnetic reconnection due to anomalous
current diffusion. It proceeds with radial transport of heat and particles due to turbulence
and parallel transport along magnetic field lines. It finally results in plasma-material
interaction with the deposition of heat and particles on material surfaces with sheath
effects in turn constraining plasma transport.

In this paper, we review the current understanding of the ELM instability, and our
capability to predict ELM characteristics in future devices. Of particular focus is the
ELM deposition of particles and heat flux to material surfaces, as this represents the most
significant risk of the ELM to future tokamak design and operation. A detailed
understanding and predictive capability for the ELM instability serves not only as a
projection of expected transients, but also as a guide for the development of ELM
mitigation and control capabilities. In Sec. II, we begin with a review of the H-mode
characteristics that lead to an ELM. Particular focus is given to the aspects of the edge

gradients that drive the ELM instability. The linear onset conditions for the ELM are



summarized. In Sec. III, we review experimental observations of ELM transport, from
losses of density and temperature from the core plasma, to their transport through the
open field lines of the scrape-off-layer (SOL), to their final deposition on material
surfaces. Section IV summarizes transport of the ELM energy and particles to the
divertor. Section V describes transport of ELM energy to the main chamber walls via
radially propagating filaments. In Sec. VI, progress in the development of comprehensive
computational models of the ELM is summarized. Comparisons with experimental
observations are made, along with highlighting areas in need of further development. In
Sec. VII, the scaling of experimental observations is projected to future devices with the
implications explored. The impact of ELMs in ITER is summarized as ITER is the first
device where ELMs will represent a significant risk to in-vessel components. In Sec. VIII,
current understanding of the ELM instability is used as a guide to briefly describe efforts
to develop ELM control and mitigation schemes. Finally in Sec. IX, we conclude with a
summary of current understanding of the ELM instability and highlight areas where

future work would be of particular benefit.



I1I. H-mode profiles and ELM stability

The H-mode transport barrier results in growing edge gradients that eventually
become unstable to the ELM MHD instability. The physics of the H-mode and the
conditions required to achieve the H-mode transition are summarized elsewhere.”® The
enabling feature of the H-mode transport barrier is a sheared perpendicular rotation
profile, driven by a radial electric field, E, x B, in the plasma edge, as shown in Fig. 2,
which suppresses the long wavelength turbulence of L-mode. The characteristic shape of
the rotation profile shown in Fig. 2 has given rise to the label “ E, well”. The transport
barrier created by the E, well leads to steep gradients in the edge density and
temperature profiles, with a typical example from DIII-D shown in Fig. 3. The ion
temperature gradient also steepens during the H-mode, but typically to a lesser extent
than the electron temperature profile.” These steep edge profiles in a narrow layer inside
the separatrix have been labeled the H-mode pedestal as the core density and temperature
profiles rest on top of them.

Another important feature of the H-mode profiles in regards to MHD stability is the
current driven by the pressure gradient, or so-called bootstrap current.'™'' An example of
the calculated flux-surface-averaged bootstrap current driven by the typical edge pressure
gradient of Fig. 3, is shown in Fig. 4. Model calculations of the bootstrap current have
grown in sophistication to take into account the short scale lengths on the order of the
poloidal gyro-radius that typify the edge pedestal.">"’ Experimental confirmation of the
bootstrap current has been made by parallel electric field analysis,” and direct
measurement of the poloidal field profile."'® Currently these measurement techniques

have confirmed the bootstrap current model calculations to within ~20%.



The stability of the edge pedestal profiles can be expressed by a perturbed energy

equation,
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where By is the magnetic field perturbation, and &, is the fluid displacement

perturbation.'” The negative destabilizing terms represent the pressure gradient and
parallel current drivers of the instability. Stabilizing terms include field line bending and
compression of plasma fluid and magnetic field.

Sophisticated computational tools '**' have been developed to calculate the pedestal
stability of Eq. (1) for reconstructed magnetic equilibria with experimentally realistic
pressure and current profiles, such as those shown in Figs 3 and 4. These calculations
find that for high toroidal mode number, n > 20, ideal ballooning modes driven by the
pressure gradient can achieve second stability access due to the bootstrap current
lowering the magnetic shear in the region of high pressure gradient. In turn the current
driven peeling modes are stabilized by higher pressure. However, at finite values of n,
typically 8-20, the peeling and ballooning models couple and close off access to the
second stability region. The resulting stability space for the H-mode pedestal is
conceptually presented in Fig. 5 as a function of pedestal current versus pedestal pressure
gradient. At high density, the high collisionality in the pedestal suppresses the bootstrap
current such that the pressure limit is set by higher n ballooning stability limit shown at
the right hand side of the stability diagram. At low density and collisionality, the
bootstrap current is fully expressed and current driven peeling modes limit the pedestal

along the top of the stability diagram. Experimental confirmation of the calculated



stability limit has come by observations of ELM onset for measured pedestal pressure
gradients consistent with crossing the stability boundary within experimental uncertainty
of the measured pedestal pressure gradient and modeled bootstrap current, typically
<20%. A multi-machine study, Fig. 6, carried out by the International Tokamak Physics
Activity (ITPA) pedestal topical group found good agreement across multiple tokamaks
while utilizing several different computational tools.”

The maximum attainable stable pressure is typically at moderate normalized density,
,/ngw ~0.5 [Greenwald density limit, n (x1019) =1,(MA) / na*(m) ], where
e GW * y ’ GW p ’

coupled peeling-ballooning modes of moderate toroidal mode number, n = §—15, limit
the pedestal. The limits for an individual discharge depend on a number of parameters
such as the plasma shape, beta, safety factor g, plasma density and pedestal width. With
the additional assumption of the local pedestal pressure gradient set by the Kinetic
Ballooning Mode (KBM), the EPED model has been developed to successfully provide
quantitative predictive capability for the pedestal pressure limit.>’ This understanding and
development of computational tools for the ELM stability limit has greatly aided the
optimization of tokamak discharge control parameters for obtaining maximum
performance in existing devices, and the optimization of future tokamak design and
operation.

Finally, linear stability analysis predicts the spatial structure of the ELM instability at
its onset. In Fig. 7 is shown a 2D contour plot of the displacement amplitude from
stability analysis with the ELITE code from a realistic set of experimental conditions.*
Several visible features of the eigenmode structure are common across a range of

conditions. Though only the n =10 toroidal mode is shown in Fig. 7, a range of toroidal



mode numbers maybe unstable at the ELM onset. The most unstable toroidal mode
number usually increases with density and collisionality as the mode becomes more
ballooning-like. The eigenmode peaks in amplitude at the outer midplane, as would be
expected in this region of bad magnetic curvature. The amplitude is also small near the
X-point, though the stabilizing poloidal field is very low in this region. This is due to the
stabilizing influence of increased magnetic shear in this region. Finally, the radial extent
of the eigenmode corresponds to the region of high pedestal pressure gradient and high
current density. The region of instability extends somewhat further into the core plasma
at lower density with a higher bootstrap current. With these characteristics, the ELM
instability would be expected to consist of multiple modes over a range of toroidal mode
number, n, concentrated at the outer midplane, and involving most of the pedestal. In the
next section, the role of these features of the linear mode analysis will be examined in the

experimental data.



III. Pedestal ELM losses

Once the pedestal linear MHD stability limit is exceeded the instability grows rapidly
and nonlinearly. When this instability is large and periodic, it is known as a “Type I”
ELM.” Under certain conditions smaller and/or irregular edge localized bursts may occur
that have been given a variety of classifications. Those instabilities will be briefly
described in Sec. VIII. This review is primarily concerned with the physics of the larger
Type I ELMs that are of more serious concern for future devices. A typical example of
the pedestal evolution at an ELM is shown from JET in Fig. 8.*° The magnetic
perturbation, from Mirnov signals, grows very rapidly, ~10 us, within a few 10’s of
Alfven times. The magnetic signature is turbulent and often without a distinguishable
precursor. However, careful dedicated measurements have detected ELM precursors in

73 and with electron cyclotron emission imaging (ECEI),” exhibiting

magnetic signals
toroidal mode numbers that are expected from linear MHD stability analysis as described
in the previous section. During the instability the magnetic signals are turbulent,
indicating the ELM’s fully developed nonlinear character, though coherent structures are
observed in visible light at the plasma edge with n ~ 8 —20 toroidal mode structure,
again consistent with linear stability analysis.”>* The duration of the instability is usually
~200 us, with only modest variation across conditions and devices.*® During this phase
pressure is lost from the pedestal as evidenced by the drop in edge electron temperature,
T, and soft x-ray (SXR) signal in Fig. 8. The divertor x-ray signal of hot electrons and

D,, signal for divertor ion flux show the plasma lost from the pedestal being transported

to the divertor.



While the total energy lost at an ELM is often measured with a fast diamagnetic loop
diagnostic, the individual components of density and temperature loss are characterized
by a variety of diagnostics, including Thomson scattering for electron density and
temperature, microwave reflectometry for electron density, electron cyclotron emission
(ECE) for electron temperature and charge exchange recombination (CER) spectroscopy
for ion temperature.’”’ An example of the electron density and temperature profiles just
before and after an ELM in DIII-D, Fig. 9, is produced from Thomson scattering, using
ELM synchronized averaging over a period of constant conditions. The profiles exhibit a
loss of plasma that peaks in the steep gradient region, but also extends into the plasma
core as shown by the fraction losses in Fig. 9(c) and Fig. 9(d). Similar loss profiles of
pedestal electron density and temperature have also been measured by microwave
reflectometry and ECE diagnostics respectively on a number of other tokamaks.”*' The
relative size of the ELM drop may vary as will be examined later in this review.

The effect on the ions due to an ELM has been characterized with fast CER
measurements of the carbon impurity CVI.”** The ion temperature loss, AT;, at an ELM
is seen to be similar to that for 7, as shown in Fig. 10, dropping by up to 50% at the top
of the pedestal. The drop extends into the core plasma in a similar fashion as for 7.
Another important ion characteristic that is affected by an ELM is the rotation profile,
also shown in Fig. 10. Both the toroidal and poloidal rotation profiles are flattened to
essentially zero at the ELM. The flattening of the rotation profile results in a reduction, or
even elimination, of the E, well, or E. x B shear profile, as shown in Fig. 11, thought
responsible for the H-mode transport barrier. After several hundred milliseconds, at the

end of the turbulent phase, the E. well begins building again towards the next ELM. An
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important aspect of the time dependence of the ion profile evolution at an ELM (Fig. 9 of
Ref. 37) is that the rotation profile, and E well, immediately flatten, within ~100 us,
with the drop in 7; following after the E. well has collapsed. A similar timescale for the
loss of electron thermal energy, show in Fig. 8, indicates that one possibility for the ELM
thermal transport is the loss of the transport barrier resulting in rapid turbulent transport
of heat.

The loss of pedestal plasma described above has been shown to originate at the outer
midplane. Fast microwave reflectometry diagnostics have successfully reconstructed the
pedestal density profile evolution through an ELM.*** On ASDEX-Upgrade,
complementary reflectometry systems probe both the high-field-side (HFS) and low-
field-side (LFS) pedestals to produce a density profile every 25 us.* An example of the
change in the LFS density profile produced by reflectometry at an ELM is shown in
Fig. 12. While the HFS profile is seen to behave in a qualitatively similar manner, the
response is delayed from the LFS perturbation. The delay has been quantitatively
correlated with the ion parallel transport time from the HFS to LFS midplane, as shown

in Fig. 13. Here the ion transport time is calculated as T =an/Cs,ped where

Cs,ped ~ \/(Te,ped +7; ped )/ml and mRq is the connection length from the LFS to HFS

midplane across the top of the plasma (opposite of the X-point). This data indicates
plasma density is first lost at the LFS midplane with sonic flow parallel to the magnetic
field from the HFS to equalize the density on a flux surface. Similar behavior has been
observed in JT-60U with vertical far infrared (FIR) interferometer chords where the
density perturbation is first observed at the LFS with propagation to the HFS at the

parallel ion sound speed.” A further confirmation of the LFS midplane source for ELM
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transport comes from divertor measurement of D, signals of recycling ion flux in the
inboard and outboard divertors.”*** At an ELM, the rise in HFS divertor D is
delayed from the LFS divertor by the difference in ion sound speed connection times
from the HFS midplane. And finally additional evidence is provided at DIII-D where in a
magnetically balanced double-null configuration (DN) with the LFS and HFS SOLs
magnetically disconnected, ELM fluxes arrive only at the LFS upper and lower
divertors.*® The in/out asymmetry measurements consistently indicate the ELM transport
of heat and particles occurs across the LFS separatrix, consistent with linear stability
analysis indicating the highest instability amplitude at the LFS, in the bad magnetic
curvature region.

The size of an ELM, or the total energy and particles lost from the core plasma,
determines the potential for damage to material surfaces. Understanding what controls the
magnitude of this loss would aid greatly in extrapolating current results to future devices.
The energy lost at an ELM is typically normalized by the pedestal energy when

comparing relative ELM sizes across devices of varying size. Here pedestal energy, Whed:
is given by W, = %nped (TQPed + Ti’ped)Vplzlsma where the pedestal values are those at the top
of the pedestal and Vjjam, 1s the volume of plasma inside the separatrix. Under similar
conditions the relative ELM size, AW, ,,/W,,, , is roughly constant across a range of

device sizes.”” This is not a surprising result as the energy available for transport is
proportional to the pedestal pressure and the volume of the steep gradient pedestal region.
The pedestal volume is typically proportional to the total plasma volume as studies have

found the pedestal to be proportional to device minor radius.”
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The discharge characteristic most strongly affecting large Typel ELMs is the
pedestal collisionality. An international multi-device database assembled by the ITPA
Divertor/SOL Topical Group indicates that relative ELM size is strongly correlated with
pedestal collisionality as shown in Fig. 14.° The database indicates that large ELMs, up
to 20% of the pedestal energy, can be expected at low collisionality, U;ed’ such as that

expected for ITER. At higher density and collisionality, near the density limit with

additional fueling, 7, /ngy ~1.0, U;ed >=1.0, the ELM energy loss is much smaller,

-1
<5% of W 4. Here pedestal collisionality is defined as v;ed = Rq958_3/ z(ke,e) where
he e s the electron-electron Coulomb collision mean free path length. This neoclassial
formulation of collisionality is characteristic of the pedestal bootstrap current, where

U;ed =<0.1 represents near full expression of the bootstrap current driven by the pressure

gradient and U;ed =1.0 corresponds to suppression of the bootstrap current by a factor of

3 or more."’

The database of Fig. 14 indicates significant scatter in the ELM size at a fixed
collisionality. And indeed, ELM size can vary significantly from ELM to ELM in a single
discharge. A study in JET measured a 10% variation in ELM frequency and 15%
standard deviation of energy loss of individual ELMs for constant conditions.” The level
of ELM size scatter can vary with conditions with generally more scatter at low gg5 and
high collisionality.

The energy lost at an ELM can be separated into its convective (density loss) and
conductive (temperature loss) components. This separation of transport channels has been

used to examine the collisionality dependence of AWgpp in DII-D as shown in
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Fig. 15.* In this dataset, utilizing Thomson scattering with ELM synchronized averaging,
the fractional conductive losses steadily decrease towards zero at high density and

collisionality with additional gas puff fueling to near the Greenwald density limit

(nGW =1, / naz). The fractional conductive losses are correlated with normalized density

even though the plasma current variation in this data set produced a factor of two or more
variation in pressure at the top of the pedestal. On DIII-D the loss of ion temperature, as
measured by CER, at an ELM follows the same trend as the electron temperature.37 In
contrast the convective losses, though with substantial scatter, exhibit no consistent trend
with density and collisionality. An ELM study on JET exhibited a similar trend with the
pedestal conductive losses measured with ECE dropping to near zero at high density with
convective losses only weakly affected.”® Additionally the JET study found the shape of
the temperature drop, peaking in the high gradient region, to remain fixed with density,
with only its magnitude decreased. In other words, the ELM affected volume did not
change with density, rather the relative contribution of thermal conduction was
suppressed at high density and collisionality.

Linear MHD stability analysis of the DIII-D dataset of Fig. 15 provides some insight
into the ELM loss mechanism and its dependence on collisionality. Stability analysis with
the ELITE code was performed at low, moderate and high density on this dataset with
magnetic equilibrium reconstruction using the measured pressure gradient and the Sauter
model for the bootstrap current.”” For the low density case with the pedestal bootstrap
current near fully expressed, the unstable eigenmode growth rate peaked at a toroidal
mode number of N ~18. At high density the edge bootstrap current was near completely

suppressed with the unstable modes peaking for n =50. It can be speculated that at low
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collisionality, and high edge bootstrap current, the current driven aspect of the ELM leads
to magnetic reconnection and ergodization of field lines allowing fast parallel conduction
of heat from the pedestal onto open field lines. At high density and low edge current, the
ELM becomes exclusively ballooning in character with interchange type transport that
does not involve magnetic reconnection and magnetic field line ergodization with its
associated parallel conduction. Testing this hypothesis will require further development

of simulation of nonlinear MHD evolution and transport that are described in Sec. VII.

15



IV. ELM transport into the divertor

Once core plasma energy and particles are transported by the ELM instability onto
open field lines, they make their way quickly to the divertor target. The critical issue for
PFCs is the pulse of heat flux that arrives at the divertor surface. An example of such a
pulse can be seen in fast infra-red (IR) camera measurement of the JET MkII GB
divertor,” as shown in Fig. 16. This figure exhibits characteristics common in most
tokamaks with Typel ELM heat flux measurements. Plotted are both the surface
temperature measurement and the inferred heat flux from a 2D thermal conduction
model.”" Before the ELM, the divertor surface temperature is slowly rising due to the
steady-state divertor heat flux between ELMs. After the ELM onset the surface
temperature rises quickly reaching a peak within a few hundred microseconds and then
decaying with a timescale a factor of 2-3 greater than the rise. The surface heat flux,
inferred from the temperature data, follows a similar pattern, peaking at about the same
time.

In a 1D thermal conduction model with a constant power deposition, the surface

temperature rise will be given by

AT = AW, /(AVT) 2)
where AW ;, is the total energy deposited in the divertor, and A is the area of deposition
within time 7. The three parameters of Eq. (2) are the key parameters to consider when
evaluating the potential of ELMs to cause damage to material surfaces. Since it is the
peak temperature that poses the primary risk for damage through melting of the divertor
components, it is the energy that arrives before the peak that drives the ultimate peak

surface temperature.
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The first of the parameters of Eq. (2) to examine is the time of heat flux deposition to
reach peak surface temperature. A multi-machine study using common analysis
techniques found the rise time of the heat flux to be consistent with thermal ion transit
from the pedestal into the divertor, parallel to the magnetic field.**”*** Shown in Fig. 17 is

;g the time from the ELM onset to the peak surface temperature versus

T = 2mq9sR (Te +Ti) / m; where the temperatures are characteristic of those in the

middle of the pedestal and m; is the mass of the main ions.

The correlation of heat flux rise time with parallel ion transport could be considered
surprising given the fast time scale of electron thermal conduction. However, many of the
features of the ELM divertor heat flux time dependence, shown in Figs 16 and 17, are
found to be consistent with a kinetic model of parallel transport. To examine the relevant
physics processes controlling the ELM divertor heat flux, particle-in-cell (PIC) kinetic
simulations have been employed.”*”” The standard 2D edge fluid code simulations are
inadequate for this task in that they require flux limits to parallel conduction and must
specify the sheath transmission factor carrying heat flux to the surface, which in practice
is likely to be both spatially and temporally varying. In the PIC simulation shown in
Fig. 18, the energy from a typical ELM in JET is released into a 1D geometry with the
appropriate parallel path length midway between two targets.”® The features of this
simulation highlight the important physical processes that are expected to control ELM
heat flux in current and future devices. At ¢ =0 the simulation injects plasma with the
pedestal density and temperature over the characteristic ELM duration, ~200 us, into a
cooler lower density background SOL plasma. Within a few usec, the faster electrons

reach the target, carrying heat flux, but more importantly they raise the sheath potential,

17



as evidenced by a factor of 3—4 increase in sheath transmission factor. The high sheath
potential holds back further increases in heat flux until the slower injected ions make
their way to the target. At that time, ~100 us, the ions carry the bulk of the heat flux to
the target as they accelerate through the sheath. After the instability terminates and
energetic plasma is no longer injected into the SOL, the target heat flux reaches a peak
and then begins to drop. This simulation recreates the experimental observations of the
ELM heat flux rising on the timescale of the thermal ion transit time and decay a factor of
3-5 longer. Further the simulations indicate that only ~30% of the ELM energy arrives
before the peak in target power and surface temperature, in agreement with experimental
measurements,”>*® such as that shown in Fig. 16. It is this 30% of the deposited ELM
energy that drives the risk for melting of divertor target surfaces. These simulations lend
confidence to the empirical scaling of ELM deposition time from current tokamaks to
future larger tokamaks.

The other factor necessary for predicting the surface temperature rise is the ELM
energy deposited per unit area. The empirical scaling of this parameter has been
examined in terms of (a) the fraction of total ELM energy deposited on the divertor target,
(b) splitting of the deposited ELM energy between the inboard and outboard divertor
targets, and (c) the area over which the ELM energy is deposited in each divertor. The
first factor, the divertor deposited ELM fraction has been measured in several devices and

found to vary from ~50% for large ELMs of 20% of W4, to =290% for small ELMs of
<10% of Wpeq. "***** The divertor ELM energy fraction from JET shown in Fig. 19 is

typical of results reported in other tokamaks. There is the potential for some of this

missing ELM energy to be radiated away. Bolometric measurements on JET® and
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ASDEX-Upgrade® indicate a fraction of the ELM energy is radiated away before being
carried to the target, but the radiated power measurements do not have sufficient time
resolution to distinguish between the initial ELM pulse, <200 us, and later stages of the
ELM cycle. In addition, modeling suggests that for ELMs in larger future devices, the
higher power density ELMs will burn through the radiating lower ionization states of
impurities before a significant fraction of the ELM energy can be radiated away.”> The
larger fraction of ELM energy missing from the divertor deposition of Fig. 19 is carried
to the main chamber by radially propagating plasma filaments during the ELM instability
as will be discussed in Sec. V.

The second factor for determining the divertor deposited ELM energy density is the
split between the inboard and outboard divertors. Given the role of parallel transport in
ELM deposition described above, divertor deposition would be expected to be larger at
the outer divertor, nearer the ELM source at the LFS midplane. However, as indicated in
Fig. 20 for JET,** most tokamaks have measured greater ELM energy deposition at the
inboard divertor compared to the outboard. Similar measurements have been made in JT-
60U,” DII-D®** and ASDEX-U.”** In each device the inboard divertor energy
deposition is 2-3 times the energy of the outboard divertor. These results are for the
standard favorable toroidal field direction with B x VB into the divertor. There is some
evidence that this asymmetry is eliminated, or even reversed, for reversal of the toroidal
field direction.”®” The practical implication of this observation is that the inboard
divertor target becomes the more vulnerable to damage due to ELMs. An ameliorating
aspect of this asymmetry is the steady-state heat flux between ELMs is peaked at the

outboard divertor providing more headroom for the inboard side to accommodate the
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ELM heat pulse. The causes for this deposition asymmetry are uncertain and it is thus
difficult to predict with certainty if similar asymmetries will be observed in future larger
tokamaks. While the dependence of the asymmetry on toroidal field direction suggests
plasma drifts are involved, this topic remains an active area of research.

The final factor for predicting the divertor surface temperature rise due to an ELM is
the divertor area over which the ELM is deposited, or the so-called “Wetted Area”. A
number of studies in different tokamaks have found the width of the ELM divertor heat
flux to be broader than the steady-state heat flux between ELMs.*”***” A more recent
study with improved fast IR measurements on JET,” shown in Fig. 21, reveals that the
ratio between ELM and steady-state divertor heat flux can vary widely. In this analysis
the ELM wetted area is defined as the integral of the outboard divertor ELM energy
deposition divided by the peak in the energy deposition profile. This definition is
appropriate in that the ELM divertor profile is often very irregular, not fitting an
exponential profile, and it is the peak that represents the risk for damage.

The variation in ELM size of Fig. 21 was produced by two parametric scans: plasma
current and external gas puffing. The largest ELMs were obtained at higher plasma
current, and its associated high pedestal pressure. Additional gas puffing to higher density
and collisionality reduced the relative ELM size, with the smallest ELMs at low current
and high normalized density. The scaling of this data suggests the ELM wetted area is
correlated more strongly with absolute ELM size than relative ELM size produced by
variation in collisionality. A DIII-D study® confirmed this correlation when smaller
ELMs produced during ELM mitigation experiments with low collisionality pedestals

resulted in smaller ELM wetted areas. Another important aspect of Fig. 21 is that the
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wetted area of the ELM scales differently than the steady-state inter-ELM profiles.
Consistent with this scaling, multi machine studies™”* found the width of the inter-ELM
heat flux to scale inversely midplane poloidal field, Bijl, or inversely with plasma current

in a single device. This suggests that the physics setting the ELM deposition profile may
be very different than that governing the inter-ELM hear flux profile. The scaling of the
ELM wetted area represents a large uncertainty in projecting ELM heat fluxes to future

tokamaks, and will be the subject of considerable future effort.
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V. ELM transport to the main chamber

A fraction of the ELM energy also propagates radially into the SOL, eventually
interacting with PFCs of the main chamber. This was first seen as a rapid rise in the far
SOL electron density and temperature following the ELM onset with a Thomson
scattering diagnostic*® and later investigated with a wide range of diagnostics. Video
imaging of ELM dynamics has revealed the ELM far SOL effects are due to radial
propagation of filamentary structures.””””> An example of such filamentary structure is
shown in Fig. 22. The filamentary structures are initially parallel to the magnetic field,
and though their structure is more complex than a single mode, the average spacing
between filaments is consistent with intermediate toroidal mode numbers of 5 =<=n <15.
Linear stability analysis typically finds the most unstable mode to be of similar mode
number to that of the observed filaments.***

Many observed characteristics of ELM filament propagation can be described by a
model of electrostatic radial propagation and decay due to sheath limited parallel
transport.”® Langmuir probes inserted into the SOL provide the clearest indication of
electrostatic propagation. A probe will typically measure multiple peaks with complex
structure during a single ELM event as shown in Fig. 23.”7 The filament size is up to a
couple of centimeters perpendicular to the magnetic field, similar to the pedestal width.
Probes also measure an electric field in the filaments consistent with a radial £ x B
velocity of up to 1 km/s.””* This inferred radial velocity has been confirmed with more
direct measurements including video image analysis,” time delay measurements from the

ELM onset’®’” and fast microwave reflectometry measurements of density profiles.* The

filaments also carry toroidal momentum as they emerge from the pedestal region,
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consistent with CER measurements of a flattening of the pedestal rotation profile
described in Sec.IIL.”” The toroidal rotation of the filaments rapidly damps after
separation from the core plasma.””® The ELM filaments remained aligned to the
magnetic field as they propagate radially, adjusting their pitch in the same manner as the
background field.”* The velocity of the filaments is also correlated with size, with largest
filaments having the largest radial velocity of 1 km/s, or more. This is consistent with the
view of the filaments as interchange driven events, similar to that of L-mode “blobby”
transport.” In fact the smallest ELM filaments become indistinguishable from the
intermittent transport events in the SOL of L-mode plasmas.*"*

Parallel transport draining the ELM filaments as they propagate radially has been

38485 guch as that

directly observed in spiral heat flux patterns on the divertor target,
shown in Fig. 24.¥ This pattern is consistent with magnetic field line mapping of a
plasma source at the outboard midplane that propagates radially. The associated magnetic
field lines crossed by the radially propagating source trace out the same spiral pattern
onto the divertor target as the heat flux pattern. The toroidal spacing of the spirals can be
interpreted as an effective toroidal mode number that is again found consistent with the
moderate mode numbers, n = 1020, from linear stability analysis.”** The appearance of
the multiple heat flux spirals is not simultaneous, but consistent with the random
separation of the filaments from the core plasma over the course of a single ELM. The
parallel heat flux lost from the filaments as they propagate leads to their decay, most
quickly in electron temperature, as shown in Fig. 25. The losses are dominated by the

faster electron conduction compared to slower losses of density and ion temperature, both

of which occur on the timescale of thermal ion transit from the midplane to the divertor.
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Measurements of ion energies with a Retarding Field Analyzer (RFA) at JET indicate the
ion temperature within the ELM filament remains up to half of the pedestal ion
temperature by the time the filament intercepts the main chamber limiter.** The ELM
filament radial decay has also been measured on ASDEX-Upgrade with insertable
Langmuir probes.” The radial decay length of heat flux inferred from the probes was
consistent with the divertor ELM heat flux width measured by an IR camera. This
correlation suggests the processes of the ELM filament model governing radial
propagation and decay of the ELM filaments is similar to the processes controlling the
divertor ELM heat flux profiles,88 described previously in Sec. IV. However, the size,
number and temperature of the filaments when they detach from the core plasma
indicates they carry only about 10% of the total energy lost at an ELM.””**** Determining
the exact relationship between ELM filament behavior and ELM divertor heat flux awaits
further theoretical, simulation and experimental progress.

While the ELM filament deposition onto the main chamber wall represents a small
fraction of the total ELM energy, this interaction does have important implications.
Because of the high ion temperature remaining within the filaments, they present a
significant risk of sputtering in future larger devices such as ITER where high pedestal
temperatures of several keV are expected.” The ELM filaments can also account for a
majority of the main chamber particle flux during H-mode.” This flux must be
considered in the overall boundary plasma issues such as PFC erosion, migration and

density control.
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VI. ELM transport simulation

The experimental measurements of ELM heat flux described in the previous sections
provide some expectations for ELM characteristics in future tokamaks, but a more
complete physics basis is needed to provide confidence in extrapolating these results to
much larger devices. While linear MHD stability analysis successfully predicts the
pedestal conditions and mode structure involved at ELM onset, as described in Sec. II,
prediction of energy and particle transport, as well as surface heat flux, requires
additional physics. Boundary plasma fluid models have been used to assess ELM energy
and particle transport,” but they typically rely on an ad-hoc increase in radial transport
coefficients for a prescribed ELM duration. To fully simulate the ELM instability in a
future tokamak the nonlinear MHD evolution, as well as the resulting transport, must be
accounted for. This is a very challenging task due to the wide spatiotemporal scales and
number of physics processes involved. The important spatial scales range from device
size down to at least the ion gyro-radius with the time scale ranging from ion parallel
transports processes down to Alfven times of MHD evolution and electron parallel transit
times. The physical processes to be described include, MHD stability and nonlinear
evolution, magnetic reconnection, turbulent transport, kinetic effects of low collisionality
parallel transport, and plasma-material interactions. While a complete model is not yet
available for full ELM simulation, recent efforts are highlighting the important physical
processes involved and guiding the path forward for further progress.

Theoretical considerations of the ELM nonlinear MHD evolution describe explosive
growth of the instability due to a non-linear weakening of the magnetic field line bending

restoring force.” This theory predicts the ballooning instability to eject a flux tube from
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the high pressure pedestal region into the lower pressure edge. The ejected flux tubes
narrow and twist to pass through overlying field lines, while maintaining their magnetic
connection to the core plasma. To confirm this basic picture of the early stage of ELM
evolution, a simulation with realistic experimental conditions was carried out with the 3D
reduced Braginskii BOUT code”® modified to include the equilibrium kink/peeling drive
term” with a reduced toroidal domain (7 =5,10,15,20...160). Initially a fast growing
mode, n =20, develops in the high gradient region, Fig. 26(a), with a spatial structure
similar to that expected from linear stability analysis.”” At a later stage as the mode grows
and becomes nonlinear, one or more flux tubes burst radially crossing the separatrix,
Fig. 26(b), resulting in a filamentary structure extended parallel to the magnetic field, but
localized in the perpendicular direction. Another study with the M3D code™ examined
the implications of including the full spectrum of toroidal modes with very fine spatial
resolution. While qualitatively the same expulsion of flux of magnetic flux tubes was
observed as in earlier studies, the coupling of multiple unstable modes lead to a very
complex stochastic magnetic field structure, as shown in Fig. 27. In addition, non-
axisymmetric currents flowing in the SOL during an ELM may contribute to the
formation of these complex magnetic structures.”

The complex magnetic structures of Fig. 27 highlight a challenge with advancing
ELM simulation past the early nonlinear phase in order to describe the resulting energy

and particle transport. At typical H-mode pedestal conditions, with a density of several

10" m™ and T, up to 1 keV and higher, the low resistivity results in a current diffusion
time much longer than the ELM growth rates or evolution time scale. This results in fine

scale magnetic structure, and associated current structures that evolve down to the finest
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practical grid resolution and even physical plausibility. Different techniques and physical
suppositions have been employed to deal with this challenge. One approach, used with
the JOREK code,'™'"”* is to assume a higher resistivity than the experimental conditions
in order to examine the effects of a more rapid magnetic reconnection. In the simulation
of a JET ELM shown in Fig. 28 the JOREK code used a single fluid resistive MHD
model with a single n =8 toroidal mode and a resistivity a factor of 100 higher than
implied by the experimental parameters. The simulation resulted in pronounced
filamentary structures of density temperature and current. The current filaments produce
an ergodized edge magnetic structure as shown in Fig. 28. The ergodized edge allows
parallel transport to carry heat flux from the pedestal to the divertor target reproducing a
number of experimental observations, including the fraction of energy loss and the time
duration of the ELM instability. The divertor heat flux pattern resulting from the
magnetic field ergodization and homoclinic tangles is also similar to measurements,
being wider than the inter-ELM heat flux, with spiral patterns similar to Fig. 24. In
addition the heat flux pattern becomes broader with larger ELMs, again replicating
experimental trends. These results suggest that if current diffusion and magnetic
reconnection is faster than classical expectation, then parallel transport from the pedestal
to the divertor target could account for much of experimental observations.

Additional physics to be included in ELM simulation is that of finite Lamor radius
effects to more accurately capture the evolution of ballooning turbulence during the ELM.
The BOUT++ code'” employs a six-field two fluid model to describe these effects in
realistic X-point geometry. The fine scale current structures that typically develop are

dealt with by the supposition of a hyper-resistivity term that quickly diffuses current over
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the short spatial scales of electron turbulence, while leaving current diffusion over the
broader pedestal profile at the classical resistivity level. BOUT++ simulations'** indicate
significant radial transport due to edge ergodization and resulting parallel transport, but
the simulation also exhibited significant radial £ x B flux from the ballooning mode

10319 show that E x B radial flux can be the dominant

turbulence. In fact, recent results
channel for ion transport and can be similar or greater than parallel transport for electron
heat transport.

The results summarized above highlight several areas where advances in simulation
are needed for accurate prediction of ELM transport. The different treatments of
resistivity point out the importance of understanding the level of magnetic reconnection
resulting from an anomalous current diffusion above that given by classical resistivity.
Faster current diffusion over a larger region of the pedestal leads to faster magnetic
reconnection and larger radial flux due to parallel transport from the pedestal.
Experimental verification of magnetic reconnection would greatly aid the validation ELM
simulation models.

Another gap in the existing simulations is that they do not adequately describe the
role of the H-mode transport barrier. The sheared rotation profile suppresses ballooning
and drift wave turbulence that would otherwise result from the H-mode pedestal profiles.
The ELM instability flattens the rotation profile and transport barrier thereby driving
further radial transport. It is the re-establishment of the H-mode barrier that signals the

end of the ELM. No existing models yet self-consistently simulate the formation of

H-mode. Detailed ELM simulation awaits further progress on this front.
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Finally it was noted in Sec. IV that kinetic effects play a significant role in parallel
transport from the pedestal to the target. These effects must be accounted for the fluid
simulations described above if an accurate assessment of ELM heat flux is to be made.
Encouragingly it appears these kinetic effects may be adequately described in fluid
models through the use of flux limits at low collisionality and appropriately chosen

sheath boundary conditions.'”’
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VII. Implications for future devices

The experimental observations and developing theory basis for ELM transport can be
used to assess the risk for future large Tokamaks such as ITER and DEMO. Significant
effort has been made evaluating the risk for ITER and the level of ELM mitigation that
will be required to avoid damaging in-vessel components.'”"'"” For carbon and ITER’s
candidate divertor target material of tungsten, Eq.(2) has been evaluated with the
appropriate thermal characteristics for ablation and melting limits, respectively.''' The

“heat flux factor” (HFF) limit for both materials is similar at

AW

A~NAt

where AW is the ELM energy deposited in the divertor over an area A in a time Af.

<50 MIm2s Y2 | 3)

For carbon, surface ablation sets the HFF limit. Decades of experience with carbon in
tokamaks shows that, while indeed, exceeding this limit results in ablation of the surface,
the effect is usually benign allowing subsequent successful plasma discharges. However
with many ELMs expected in each discharge of future long-pulse burning plasma
tokamaks, exceeding this limit on every ELM would result in an unacceptably short
divertor lifetime.''>'"

For tungsten, melting is the primary concern when exceeding the HFF limit. Tests in

114-116

ELM pulse simulators exhibit melting and removal of material for heat pulses

greater than the 50 MJ m 2 572 described in Eq. (3). Melting of the divertor target has
also been shown to be detrimental to subsequent tokamak divertor operation.''” For a
large number of repetitions, 10,000, heat pulses a factor of 5 smaller than the HFF limit
can still lead to degradation of the surface through grain growth, cracking and reduction

of thermal conductivity.">""®""" However the long-term implications of these lower
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threshold effects are uncertain, and therefore not currently considered as limits for ITER
design or operation.

The material thermal limitations, as well as the ELM divertor heat flux experimental
observations of Sec. V have been taken into account to estimate the largest tolerable
ELM size for ITER, as shown in Fig. 29, that does not result in melt/ablation of the
divertor target.'”""” The first assumption of this assessment is that the ELM heat flux rise
time corresponds to the ion transit time from the pedestal to the divertor, T, ~ 300 us,
with a decay time ~2x longer. Thus only about 1/3 of the ELM energy contributes to
driving the peak temperature. For the distribution of heat flux onto the divertor surface,
the inboard target is assumed to accept 2/3 of the ELM energy lost from the core plasma,
over an area 3-5 times greater than the inter-ELM heat flux area. The assumption for

inter-ELM heat flux is based on recent multiple tokamak empirical scalings’’*> which
exhibit a heat flux width dependence inverse with the poloidal magnetic field, kq x B_l,

or inverse with the plasma current in a single device. With these assumptions and Eq. (3),
the tolerable ELM size is displayed in Fig. 29 versus ITER’s plasma current for an ELM
heat flux width equal to the empirical inter-ELM width scaling and four times the inter-
ELM scaling. This is compared to the natural ELM size expected in ITER at expected
pedestal conditions™'® (n, ~1.0x10'"” m™ and T, =T, ~3.5 keV for 0 =10 at 15 MA).
The expected ITER ELM size clearly exceeds the tolerable ELM size, but the margin is a
very strong function of plasma current. This dependence arises from the pedestal height

dependence, Pyeq o / 2, and a 20% fraction of the pedestal energy lost as suggested by

the multi-tokamak scaling of Fig. 14.
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Based on the scaling of Fig. 29, the ITER specification for tolerable ELMs calls for a
reduction in natural ELM size of at least a factor of 20 to avoid divertor melting/ablation.
The large conservative factor results from the observation that ELM width tends to

narrow towards the inter-ELM width for small relative ELM size,®*®

negating much of
the benefit of small relative ELM size. Prospects for meeting the ITER requirements are
described in Sec. VIII. However, this stringent requirement rests largely on an uncertain
ELM heat flux width estimate. The data of Fig. 21 suggests different physics controls the
width of the inter-ELM versus ELM heat flux. In addition there is no established physics
basis for ELM heat flux width to add confidence in prediction of the above estimates.
Clearly this is an area in need of additional work and multi-machine comparisons.

Risks to ITER’s main chamber PFCs due to ELMs have also been assessed.'” Main
chamber components generally have less heat flux capacity in their design than the
divertor target, and are thus more susceptible to damage due to transients. This is
particularly true for ITER with the lower melting point of its beryllium main chamber
components. However, the peak ELM heat flux occurs on the tungsten divertor and
decays sufficiently quickly outside of this region that ELMs should not produce melting
of the beryllium components. This estimate takes into consideration the narrowing of the
ELM heat flux width with smaller relative ELM size, and the lower melting limit for
ITER’s beryllium main chamber wall. Another concern is the time-averaged heat flux to
these components. As ELM filaments carry radially roughly 10% of the ELM energy, the
upper secondary X-point in ITER where the heat flux can be concentrated may be of

concern. Additional experimental analysis and design of high heat flux capacity panels

for the secondary divertor are under consideration.
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For future tokamaks beyond ITER, such as DEMO, the ELM heat flux is of even
greater concern. This arises simply due to the higher power densities and greater plasma
stored energy compared to machine size that are envisioned for these devices.”''* In
addition these devices are expected to have high-Z metal main chamber walls that will be
susceptible to erosion due to high 7; in the ELM filaments. This will likely produce
unacceptable erosion and contamination of the core plasma for significant ELMs. For
these reasons, ELM mitigation and control will almost certainly be required for reactor

scale tokamaks. Plans and prospects for ELM control are briefly summarized in the next

section.
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VIII. ELM mitigation and control

ELM mitigation and control is a very active area of current fusion research, that has
been summarized in several recent reports.'”'*'*" Because of the wide ranging effort and
plethora of potential techniques, only a brief summary will be presented here, with an
emphasis on how the present understanding of ELM physics presented in the previous
sections is guiding current efforts.

The general approach to ELM control is to provide additional energy transport
through the pedestal to avoid reaching the ELM MHD stability limit and enough
additional particle transport to make up for the suppressed ELM and avoid impurity
accumulation in the core plasma. One option for additional transport is through an
intrinsic mode within the pedestal. Examples include small amplitude ELM-like bursts
involving only a small part of the pedestal profile, and continuous modes providing
transport through the pedestal. Another approach is to actively trigger an instability over
part of the pedestal profile before it reaches the larger ELM instability. Finally additional
transport through the pedestal may be obtained through external means such as the
application of 3D magnetic fields. A brief summary of each of these approaches is given

below.

A. Intrinsic ELM-free regimes

A number of operational regimes have been identified in existing devices with the
high performance of H-mode, but without the large amplitude ELMs described
above.'”®'” These regimes have a variety of names, including Type II, Type III, Type IV,
Type V, EDA, I-mode, Grassy and QH-mode due to the specific characteristics

associated with obtaining them in each device. Most of these modes are not thought to be
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applicable to future burning plasmas because of their specific operational requirements,
usually either a high collisionality pedestal, or degraded pedestal pressure. Following is a
brief description of each of these modes with some characteristics that make them unique.

Type II ELMs:*"**"** These ELMs are observed at high shaping, near double-null,

and high collisionality, U: ~ 1. They are marked by a turbulent edge recycling signal.

Type 111 ELMs:*"*"'** A high density/collisionality regime marked by high frequency,
small amplitude ELMs. They exist for power crossing the separatrix near the H-L back
transition. They also exhibit low pedestal pressure, <70% of the large amplitude ELM

pedestal limit.

Type IV ELMs:"** A low collisionality regime, but at low input power near the L-H
transition. Also marked by low pedestal pressure.

Type V ELMs:"*>"** An operational regime observed in the NSTX tokamak.

EDA"""** and HRS:" Similar high density and collisionality regimes observed in

Alcator C-mod and JFT-2M respectively. A continuous mode observed in the pedestal
provides additional particle transport.

Wall conditioning: Wall conditions have a long known effect on ELM characteristics,

presumable through recylcing and fueling of the pedestal density profile. This is
particularly true for lithium conditioning with application through evaporation or direct
injection. Lithium conditioning has succeeded in NSTX'*"'** and EAST'*"'* in achieving
significant reduction in ELM size, or even complete ELM suppression, through reducing
edge recycling and modification of the pedestal density and pressure profile in a manner
favorable for edge stability. Studies to determine how changes in edge fueling affect

pedestal profiles and ELM stability are underway.
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I-mode:"**'* An enhanced confinement regime with a temperature pedestal, but no
density pedestal. Enhanced density transport through pedestal allow for regime to be
steady-state. Issues for application to burning plasmas include access conditions and
attainable pedestal pressure for high global confinement.

QH-mode:"* bears further examination due to its potential application to burning
plasmas and the related ELM physics previously described in this review. The QH-mode,
shown in Fig. 30, has been extensively studied in DIII-D, but also observed in ASDEX-
Upgrade,"**"* JET'” and JT-60U.""'"** An edge harmonic oscillation (EHO) active in the
pedestal provides additional energy and particle transport to enable steady operation in
this H-mode regime without ELMs. The EHO is found to be accessible along the
kink/peeling boundary of ELM stability, as shown in Fig. 31, and modeled to be
destabilized by rotational shear."”>'** This mode is thought to saturate nonlinearly as the
rotational shear driving the mode is damped at larger amplitude by the nearby conducting
wall. This is in contrast to the peeling mode where the current driving the mode is
maintained for growing amplitude by its own inductance. This regime is attractive for
future burning plasmas because it is accessible at low pedestal collisionality with strong
shaping and can achieve high pedestal pressure similar to the ELMing regime at similar
parameters. Recent results have demonstrated that QH-mode can be maintained at higher
normalized density, n/ngyw ~ 0.75, relevant for divertor heat flux control. While burning
plasma tokamaks will likely have low input torque, QH-mode was first obtained with
strong neutral beam injection (NBI) heating counter to the plasma current direction where
rotational shear in the pedestal is strongly driven. More recently QH-mode has been

obtained with a more relevant low NBI torque by rotation driven from neoclassical
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toroidal viscosity (NTV) of applied 3D fields.'*® Further work is needed to provide a
physics-based scaling of the rotational shear required to achieve the EHO and the input

torque needed to achieve that shear.

B. ELM triggering

ELM control may also be obtained by triggering frequent smaller ELMs. The idea is
to provide additional transport by frequently triggering an instability over a small portion
of the pedestal before the larger ELM engulfs the entire pedestal. This is also motivated
by the observation that ELM amplitude decreases with increasing ELM frequency,”
providing a roughly fixed fraction, ~20%, of energy transport across the separatrix.

Several techniques have been used to trigger frequent ELMs, including, pellet

155-157 158-161

injection, supersonic molecular beam injection (SMBI), jogs to the plasma

162-165 166,167

vertical position, and oscillating applied magnetic fields.

Pellet ELM pacing is a baseline ELM control option for ITER,'” and highlights the
important physics of triggered ELMs. The concept behind pellet pacing is to launch a fuel
pellet with size and speed such that most of its density is deposited in the steep pressure
gradient region of the pedestal. A localized region of high pressure is created when
parallel electron transport carries heat to the cold pellet cloud faster than the high ion
density can spread along the flux tube. If this localized pressure hill exceeds the MHD
stability limit then an ELM can occur over a small region of the pedestal. Small frequent
pellet injection on ASDEX-Upgrade demonstrated a factor of 3 increase in ELM

frequency and similar reduction in ELM amplitude,'>>'*®

as shown in Fig. 32. This was
accomplished while maintaining a robust pedestal pressure and good H-mode

confinement. In DIII-D pellet pacing has recently demonstrated a factor of 12 increase in
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ELM frequency with similar reduction in ELM energy for ITER similar discharges."’
Other recent results in ASDEX-Upgrade and JET highlight some potential limitations to
the obtainable ELM frequency increase while maintaining a robust pedestal.”*® Successful
modeling of the DIII-D results for pellet deposition, local increase in pressure and
resulting ELM instability with the JOREK code lends confidence in this overall approach
ELM control.'® Further work is still required to determine the minimum pellet size that is
capable of triggering an ELM in order to limit the total particle throughput for the particle
exhaust system. Pellet pacing should also demonstrate the compatibility of a robust
pedestal with ITER’s required factor of 20 increase in ELM frequency and reduction in

ELM energy.

C. Applied resonant magnetic perturbations

The other ELM control system in ITER’s baseline design is the use of resonant
magnetic perturbations (RMPs) for ELM mitigation and suppression.'*'” This concept is
based upon applying non-axisymmetric magnetic fields to add additional transport
through pedestal to maintain profiles below the ELM instability. This approach has
demonstrated ELM suppression in DIII-D'"""'” as shown in Fig. 33. In this example, after
the RMP coils are energized the pedestal density and pressure are subsequently reduced,
resulting in a suppression of ELMs. Though a modest reduction in pedestal pressure
occurs, the H-mode is maintained with good confinement. The constant density and
radiated power levels indicate no increase in core plasma density and impurity
confinement due to the suppression of ELMs. ELM mitigation and/or control with 3D
fields has also been demonstrated in JET,'*!”” KSTAR, %" MAST,"”* ¥ NSTX'® and

in ASDEX-Upgrade.'®"**
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A number of physics issues must still be resolved before RMP ELM control can be
scaled with confidence from current experiments to future devices. The first is the plasma
response to the applied fields. The tokamak plasma can screen out these fields due to
plasma rotation and/or amplify the fields on resonant surfaces. Recent theory and
modeling comparisons to experimental measurements suggest significant modification to
the vacuum field approximation should be expected for H-mode experimental
conditions.'™"® Also the underlying physics of the additional transport with 3D fields
must be validated in order to scale the applied magnetic field specifications to future
devices with confidence. One potential mechanism is resonant magnetic islands form at
the top of the pedestal due to RMP application, and limit expansion of the pedestal width
to below that of the ELM stability limit."**'* Another important aspect is the additional
density and impurity transport through the pedestal provided by the 3D fields, while
maintaining a thermal transport barrier. Various mechanisms that may be responsible for

190,191

the additional transport include, magnetic flutter transport, and turbulent transport

due to reduction of the ExB transport barrier.'”*'**'”?

The operational constraints of RMP ELM control in future burning plasmas such as
ITER must also be addressed. RMP ELM suppression has been successful in current
devices at ITER’s expected pedestal collisionality,"”"'” but can be lost at high normalized
density (n,/ngw ~1) when collisionality is high. A physical model of RMP ELM
suppression is needed to determine if pedestal collisionality alone is responsible for this
dependence or whether some other aspect of high-normalized density operation on ITER

will interfere with RMP ELM control. ITER’s high-density operation will also require

central fueling with pellets. RMP ELM suppression must also be shown to be compatible
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pellet fueling and maintain ELM suppression through pellet injection. Finally the low
input torque and resulting low toroidal rotation of future burning plasma tokamaks makes
them susceptible to locked modes. The compatibility of RMP field application at low
torque and low toroidal rotation with the avoidance of locked modes must be understood
and demonstrated.

A number of prospects for ELM heat flux mitigation and control in future burning
plasma tokamaks have now been demonstrated in existing tokamaks, as summarized
above. However, projection of the applicability of each of these techniques to future
tokamaks will require further development of the underlying physics of the control
mechanisms. These techniques have shown adequate reduction in relative ELM size and
applicability at low pedestal collisionality. Other constraints of burning plasmas
including high normalized density (n/ngy ~1), low input torque, divertor heat flux
control and limited particle pumping throughput, have yet to be fully addressed. Because
these conditions cannot be simultaneously met in existing devices, such as low pedestal
collisionality and high normalized density, confidence in projection of ELM control
performance to burning plasma tokamaks requires a well established physics basis. The
development of a physics basis for each of these techniques should be a priority moving

forward.
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IX. Summary

The wide range of results presented in this review has demonstrated great progress in
the understanding of the ELM instability. This understanding has made possible the
exploitation and optimization of the H-mode operational regime, as well as highlighting
areas of concern for future work. The development of computational tools to accurately
calculate the ELM MHD stability limit to peeling and ballooning modes, coupled with
advances in pedestal transport physics,” now allows for prediction and optimization of
pedestal parameters in future devices with confidence. As the pedestal pressure is such an
important factor in determining global plasma performance, these tools represent a key
resource for the overall optimization of the tokamak concept, for features including shape,
size and magnetic field strength.

While ELMs provide additional particle transport through the pedestal to allow
H-mode steady-state operation, the resulting heat flux transients represent a risk to the
internal components of future devices. This risk can be evaluated by projection of the
ELM energy deposited onto material surfaces and the time for that deposition. The ELM
energy lost from the core plasma is well correlated across devices when properly
normalized for pedestal pressure. The processes of parallel transport due to magnetic
reconstruction, and turbulent transport due to the collapse of the H-mode transport barrier
have been identified as possible channels for the ELM lost energy, but simulation is not
yet able to quantify the relative roles of these processes. The time dependence of the
ELM energy deposition onto surfaces has been correlated across devices with the thermal
transit time from the pedestal to the divertor in the SOL. The observed time dependence

is reproduced by theory and simulation. The profile of ELM energy deposition, however,
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is much less well characterized by experiment, nor understood by theory. The divergent
scalings of ELM heat flux width and inter-ELM heat flux width suggest that different
processes are important for each. This is clearly an area where experimental comparisons
across devices and theoretical work are needed.

The assessments of experimental results indicate that mitigation or even complete
suppression of ELMs will be needed to protect PFCs in future burning plasma tokamaks.
Encouraging results have been obtained in existing devices with leading candidates being
intrinsic modes such as QH-mode, ELM pacing with pellets and application of 3D
resonant magnetic fields. Intrinsic modes of operation have an inherent appeal in that
they do not require specialized hardware that may be difficult, or even impossible, to
implement within the constraints of power plant scale tokamaks. QH-mode is a leading
candidate due to its access at low pedestal collisionality and other operational parameters.
However, a physics basis, or at a minimum a rigorous empirical scaling, must be
developed for QH-mode, or any other potential intrinsic regime, in order to project its
access and performance to future burning plasmas. ELM-pacing with pellets is a baseline
ELM control system for ITER and is attractive because the pellet injection system is
separate and removed from tokamak vessel and associated hardware. However, the
required performance is still to be established in terms of reducing ELM energy to the
required level, maintaining pedestal pressure, and the required particle throughput. The
other technique in ITER’s baseline ELM control plan, the application of 3D resonant
magnetic fields, has the advantage that it has demonstrated complete ELM suppression in
several existing devices, and at pedestal collisionalities expected in burning plasmas. As

with the other ELM control schemes, this technique must be shown to be compatible with
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the operational constraints of a burning plasma including maintaining a high pedestal
pressure, compatibility with divertor heat flux control and susceptibility to locked modes
due to low input torque. A model, preferably physics-based, is needed to address these
concerns and to optimize the design and operation of a 3D coil set.

ELM research has resulted in progress across a wide range of fusion science,
including nonlinear MHD evolution, turbulent plasma transport, open field line transport,
plasma kinetic effects, and plasma-material interactions. Progress on this diverse set of
topics has resulted in new understanding of fundamental plasma physics, optimization of
the tokamak concept, and promising prospects for ELM control in future burning plasma
tokamaks. Continued focused work in this area is needed to fully realize the prospects for

fusion energy development.
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Figure Captions

Fig. 1. H-mode discharge in DIII-D with (a) plasma current and auxiliary heating power,
(b) plasma stored energy, (c) edge pedestal electron pressure, (d) peak divertor heat flux.
Note the increase in plasma stored energy after the H-mode transition, periodic growth

and relaxation of the edge pressure, and periodic bursts of heat flux to the divertor target.

Fig. 2. (a) The edge perpendicular rotation profile given by E. x B in H-mode and

L-mode. (b) The edge pressure profile in H-mode and L-mode.

Fig. 3. The edge H-mode profiles of (a) electron density, and (b) electron temperature

measured by Thomson scattering in DIII-D. L-mode profiles are also shown for contrast.

Fig. 4. The edge H-mode current density with the calculated bootstrap current based on

the profiles of Fig. 2. The L-mode profile is shown for contrast.

Fig. 5. Stability space for the H-mode pedestal as a function of pressure gradient and

edge current.

Fig. 6. Pedestal stability diagrams for experiments on (a) ASDEX-Upgrade, (b) DIII-D,
(c) JET and (d) JT-60U, showing Type I ELMs occurring near the stability bound while
other types of discharges can lie in the stable region. [Reprinted courtesy of Institute of
Publishing, P.B. Snyder, et al., P.B. Snyder, et al., Nucl. Fusion 49, 085035 (2009) by

permission.]*
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Fig. 7. The eigenmode structure calculated by ELITE for the unstable n =10 mode in a
typical DIII-D H-mode discharge. [Reprinted courtesy of Institute of Publishing, P.B.

Snyder, et al., Plasma Phys. Controlled Fusion 46, A131 (2004) by permission.]24

Fig. 8. JET measurements with high time resolution of the MHD activity, pedestal
temperature, and soft x-ray emission collapse, and outer divertor D, emission and inner
divertor x-ray bremsstrahlung from hot electron impact during a large Type I ELM. The
collapse of the pedestal and intense inner divertor bremsstrahlung emission occur over a
time interval of 200-300 us, similar to the period of large MHD activity. [Reprinted
courtesy of Institute of Publishing, A. Loarte, et al., Plasma Phys. Controlled Fusion 45,

1549 (2003) by permission.]*

Fig. 9. Profiles of (a) n, and (b) 7, in DIII-D from Thomson scattering as fit before and
after an ELM. The relative change in (¢) n, and (d) 7, due to an ELM. The profiles are

collected over several ELMs and coherently averaged. [Reprinted courtesy of Institute of

Publishing, A.W. Leonard, et al., Plasma Phys. Controlled Fusion 44, 945 (2002) by

permission.]**

Fig. 10. Measured profiles in DIII-D of (a) nc,g, (b) T;, (c) vg. (d) Voo (e) ng and (f) T,

just before (black) and after (gray) an ELM versus normalized radius. [Reprinted with
permission from M.R. Wade, et al., Phys. Plasmas 12, 056120 (2005). Copyright 2005

American Institute of Physics.]”

Fig. 11. Radial profiles of E. measured at various times on DIII-D during an ELM cycle:

(a) -1=t- tgrm (ms) <0.5, (b) 0.5=1- tgLm (ms) = 3, and (¢) 4=1- tgLMm (ms) = 8.
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[Reprinted with permission from M.R. Wade, et al., Phys. Plasmas 12, 056120 (2005).

Copyright 2005 American Institute of Physics.]”’

Fig. 12. The LFS midplane pedestal density profile before and after an ELM from fast
microwave reflectometry on ASDEX-Upgrade. [Reprinted courtesy of Institute of

Publishing, I. Nunes, et al., Nucl. Fusion 44, 883 (2004) by permission.]*

Fig. 13. Time delay of pedestal density drop at HFS midplane compared to LFS midplane
as measured by fast microwave reflectometry in ASDEX-Upgrade. [Reprinted courtesy

of Institute of Publishing, I. Nunes, et al., Nucl. Fusion 44, 883 (2004) by permission.]40

Fig. 14. Normalized ELM energy loss (AWg m / Wped) Vs pedestal plasma collisionality

for a large range of Type I ELMing H-mode plasmas in ASDEX-Upgrade, DIII-D,
JT-60U and JET. [Reprinted courtesy of Institute of Publishing, A. Loarte, ef al., Plasma

Phys. Controlled Fusion 45, 1549 (2003) by permission.]*

Fig. 15. (a) The normalized convected ELM energy as measured by the Thomson
scattering profile vs the pedestal density normalized by the Greenwald parameter,

Ne ped / ngw > shows no clear density dependence in DIII-D. (b) The normalized

conducted ELM energy vs the normalized pedestal density shows a strong decreasing
tend with increasing density. [Reprinted with permission from A.W. Leonard, et al., Phys.

Plasmas 10, 1765 (2003). Copyright 2003 American Institute of Physics.]*

Fig. 16. The maximum of the temperature and heat flux density for an average ELM in
the JET MKIIGB divertor. The ELM rise time derived by the fast temperature (or heat

flux) rise is 390 us on the outer target. The small increase of temperature and heat flux
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prior to the ELM is not taken into account. [Reprinted courtesy of Elsevier Science

Global, T. Eich, et al., J. Nucl. Mater. 313-316, 919 (2003).]°

Fig. 17. Characteristic time scale of the ELM divertor power deposition, #jz, on the outer

divertor target vs transit time, #{°"", for various divertor tokamak experiments operating
in a range of conditions, calculated for the pedestal plasma parameters. [Reprinted
courtesy of Institute of Publishing, A. Loarte, et al., Nucl. Fusion 47, S203 (2007) by

permission.]”

Fig. 18. Time dependence of simulated (a) electron heat flux, ¢, ion heat flux, ¢;,
(b) sheath transmission factors, and (c) electron temperature 7, and ion temperature 7;,
for a 120 kJ ELM on JET. Parameters t; and T, are the ion and electron timescales for
propagation down the SOL from the upstream point at which the ELM disturbance is
launched. Also shown in (a) is the target power obtained if constant sheath transmission
factor, y =8 is assumed. [Reprinted courtesy of Institute of Publishing, R.A. Pitts, et al.,

Nucl. Fusion 47, 1437 (2007) by permission.]*®

Fig. 19. Divertor ELM energy fraction vs normalized ELM energy for JET’s DOC-L

configuration. I, and By, in MA and T respectively. The “GB” marked data in the JET

MKGIIB divertor configuration. [Reprinted courtesy of Institute of Publishing, R.A. Pitts,

et al., Nucl. Fusion 47, 1437 (2007) by permission.]*

Fig. 20. The Type I ELM energy deposition asymmetry in favor of the inner target is
shown for the standard toroidal field direction in the JET MarkIl SRP gas box divertor. A

few discharges with toroidal field in the reversed direction exhibit a different trend. The
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line corresponding to Egymo/Egry ;i =1/2 and 2 are shown for comparative purposes.

[Reprinted courtesy of Institute of Publishing, R.A. Pitts, et al., Nucl. Fusion 47, 1437

]56

(2007) by permission.

Fig. 21. Effective wetted area during an ELM event and prior to the ELM event. The

wetted area is calculated by dividing the tile integrated power flux (MW) by the

maximum local heat flux (MW/ m? ). For small ELMs little broadening is observed with
values around 1.4. and for larger ELMs a significant broadening of about 4.3 is found
when compared to the inter-ELM values prior to the ELM event. [Reprinted courtesy of

Elsevier Science Global, T. Eich, et al., J. Nucl. Mater. 415, S856 (2011).]®

Fig. 22. High speed video image in visible light of the MAST plasma obtained at the start

of an ELM. The bright filaments are parallel to the background magnetic field.

Fig. 23. Inserted Langmuir probe measurement of a JET ELM. Show are the time
evolution of (a) Jg, and (b) and effective radial £ x B velocity. [Reprinted courtesy of

Elsevier Science Global, C. Silva, et al., J. Nucl. Mater. 337-339, 722 (2005).]"”

Fig. 24. The heat flux pattern in ASDEX-Upgrade during an ELM. The region shown is
just outside of the outboard strike point peak heat flux. In the left image the B x VB
direction point away from the X-point, while the right image the B x VB direction points
toward the X-point. [Reprinted courtesy of Institute of Publishing, T. Eich, et al., Plasma

Phys. Controlled Fusion 47, 815 (2005) by permission.]*

Fig. 25. Radial variation of the ELM peak density and temperature values obtained from

inserted probes in DIII-D for (a) high density and (b) low density discharges. The
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temperature decays quickly with radius in both cases, but the density decay length is
much longer at low density. [Reprinted with permission from J.A. Boedo, et al., Phys.

Plasmas 12, 072516 (2005). Copyright 2005 American Institute of Physics.]”

Fig. 26. BOUT simulation of a DIII-D ELM. Contour plots of the normalized density
perturbation (dn/ng) along the outer midplane at early times (a) shows the expected
peeling-ballooning structure (n =20) in the pedestal region. Later (b) a fast radial burst
across the separatrix, localized toroidally, but extended along the field. [Reprinted with
permission from P.B. Snyder, ef al., Phys. Plasmas 12, 056115 (2005). Copyright 2005

American Institute of Physics.]”’

Fig. 27. Simulation of a DIII-D ELM with the M3D code. Surface of constant
temperature located inside the plasma, colored according to values of the poloidal
magnetic flux representing minor radius, and a single magnetic field line started near the
surface and traced in the lower X-point unstable ( By) direction. The cut plane shows
equally spaced temperature contours, tilted up to show the bottom of the plasma.
[Reprinted with permission from L.E. Sugiyama, ef al., Phys. Plasmas 17, 062505 (2010).

Copyright 2010 American Institute of Physics.]*

Fig. 28. Poincaire plot of the perturbed magnetic field and heat flux at the target at the
time of the maximum magnetic energy perturbation for JOREK simulation of a JET-like
3 MA plasma. [Reprinted courtesy of Institute of Publishing, G.T.A. Huijsmans and

A. Loarte, Nucl. Fusion 53, 123023 (2013) by permission.]"""

75



Fig. 29. Expected main plasma ELM energy loss (AWEgj \s) for uncontrolled ELMs and

required AWy for controlled ELMs in ITER vs plasma current (/) for a range of

assumptions regarding the effective area for ELM energy deposition ( Agp ) and two

assumptions regarding the change of safety factor with /;, (constant gg5 or constant Br).

[Reprinted courtesy of Institute of Publishing, A. Loarte, et al., Nucl. Fusion 54, 033007

]]08

(2014) by permission.

Fig. 30. Time history of long pulse QH-mode in DIII-D discharge with counter- Iy

neutral beam injection. (a) Plasma current and divertor D, emission, (b) amplitude of the
edge magnetic field from the dominant n =2 toroidal harmonic of the EHO, line-
averaged density, (d) injected neutral beam power and total radiated power, and (e)

neutral beam torque. NBI torque is negative when the torque is in the counter-/,

direction. [Reprinted with permission from K.H. Burrell, et al., Phys. Plasmas 19, 056117

(2012). Copyright 2012 American Institute of Physics.]'**

Fig. 31. (a) Peeling-ballooning stability diagram for a model DIII-D discharge showing
the effect of density (collisionality) on the discharge trajectory, and density required to
access the proposed QH region (shaded blue). (b) The same diagram for ITER indicating
pedestal density required for QH-mode access. [Reprinted courtesy of Institute of

Publishing, P.B. Snyder, et al., Nucl. Fusion 47, 961 (2007) by permission.]'”’

Fig. 32. Onset of pellet pacing sequence in ASDEX-Upgrade: the ELM frequency
follows immediately the pellet rate resulting in a ~threefold increase of the frequency and
a corresponding ELM energy loss reduction. Additional convective losses associated with

the expulsion of pellet injected particles (fuelling size pellets are used in this experiment)
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cause a mild confinement loss. [Reprinted courtesy of Institute of Publishing, P.T. Lang,

et al., Nucl. Fusion 53, 043004 (2013) by permission.]'*

Fig. 33. ELM suppression with RMP coils on DIII-D. Shown are (a) lower divertor D,
response to the RMP at high triangularity, 6 =0.53, (b) lower D, response to the RMP at
low triangularity, 6=0.26, (c) gg5 evolution at high triangularity (black) and low
triangularity (grey), (d) timing and amplitude of the RMP coil current, (e) evolution of
the pedestal electron collisionality, (f) energy confinement H-factor, and (g) total stored
energy. The expected ITER collisionality (e) and confinement (f) are shown for

comparison. [Reprinted courtesy of Institute of Publishing, T.E. Evans, et al., Nucl.

Fusion 48, 024002 (2008) by permission.]'"!
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