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Abstract: Nonlinear simulations with the 3D electromagnetic two-fluid BOUT code are
employed to study the dynamics of edge localized modes (ELMs) driven by intermediate
wavelength peeling-ballooning modes. It is found that the early behavior of the modes is
similar to expectations from linear, ideal peeling-ballooning mode theory, with the modes
growing linearly at a fraction of the Alfven frequency. In the non-linear phase, the modes
grow explosively, forming a number of extended filaments which propagate rapidly from the
outer closed flux region into the open flux region toward the outer wall. Similarities to non-
linear ballooning theory, as well as additional complexities are observed. Comparison to
observations reveals a number of similarities. Implications of the simulations and proposals

for the dynamics of the full ELM crash are discussed.



L. Introduction

Understanding the physics of the H-Mode pedestal and Edge Localized Modes (ELMs) is
very important to Next Step magnetic fusion devices for two primary reasons: 1) The
pressure at the top of the edge barrier (“pedestal height”) strongly impacts global
confinement and fusion performance, and 2) large ELMs lead to localized transient heat
loads on material surfaces that may constrain component lifetimes. The development of the
peeling-ballooning model has shed light on these issues by positing a mechanism for ELM
onset and constraints on the pedestal height. The mechanism involves instability of ideal
coupled “peeling-ballooning” modes driven by the sharp pressure gradient and consequent
large bootstrap current in the H-mode edge. It was first investigated in the local, high-n limit
[1], and later quantified for non-local, finite-n modes in general toroidal geometry [2,3].
Important aspects are that a range of wavelengths may potentially be unstable, with
intermediate n’s (n~3-30) generally limiting in high performance regimes, and that stability
bounds are strongly sensitive to shape (see Fig 1a), and to collisionality (ie temperature and
density) [4] through the bootstrap current. The development of efficient MHD stability
codes such as ELITE [3,2] and MISHKA [5] has allowed detailed quantification of peeling-
ballooning stability bounds [eg 6] and extensive and largely successful comparisons with
observation [eg 2,6-9]. A typical peeling-ballooning mode structure, calculated with ELITE
for toroidal mode number (n) of 18, is shown in Fig 1b. This n=18 mode is found to be
approximately the most unstable in this DIII-D tokamak discharge at a time immediately
before an ELM is observed. The mode consists of a series of filaments of positive and
negative amplitude (positive amplitude filaments are shown in Fig 1b) which grow in the
outer (typically 4-15%) part of the closed flux region of the plasma. The mode has a
characteristic ballooning structure, with largest amplitude on the outboard “bad curvature”
side, and very small amplitude on the inboard side.

Previous peeling-ballooning studies have been largely ideal and linear, focusing on
the onset conditions of the modes and their structure in the early, linear phase. Here we
extend this work to incorporate the impact of non-ideal, nonlinear dynamics, investigating
the evolution of these modes into the strongly nonlinear state, and allowing study of the
transport of particles and heat from the closed flux region to the open field line scrape-off-
layer (SOL), and ultimately material surfaces. In Section II the methods and results of the

nonlinear simulations are discussed, and these results are compared with experimental



observations in Section III. Section IV presents a discussion of proposed mechanisms for
the transport of particles and heat during the full ELM crash, as well as concluding remarks

and a brief discussion of future work.

II. Nonlinear Simulations

While linear stability studies have proved quite useful for understanding ELM onset
and pedestal constraints, quantitative prediction of ELM size and heat deposition on material
surfaces requires nonlinear dynamical studies. Nonlinear H-mode edge physics studies are
in general quite challenging, due to the very wide range of relevant spatiotemporal scales,
and the breakdown of a number of approximations (eg small perturbations, locality) that
have simplified core plasma simulations. Here we address this challenge via a focus on the
scales of the fast ELM crash event itself, initializing simulations with peeling-ballooning
unstable equilibria and following the mode dynamics into the strongly nonlinear phase. We
employ the 3D reduced Braginskii BOUT code [10,11], modified to include the equilibrium
kink/peeling drive term [11]. BOUT employs field-line-following coordinates for efficiency,
and simulates the pedestal and SOL regions (typically 0.9<W <1.1, where W 1is the
normalized poloidal flux). Because the coordinates are field-aligned (quasi-ballooning,
though radially non-local) it is not in general necessary to simulate the full toroidal domain
when studying modes whose toroidal correlation lengths are relatively small. Here we
employ a 1/5 toroidal domain (An=5, n=0,5,10...160), which allows resolution of length
scales of order the ion gyroradius (p;) where diamagnetic and finite-Larmor-radius (FLR)
physics produces a natural cutoff of small scales. The full (2m) poloidal domain is
simulated, including the private flux region. A zero potential boundary condition is imposed
on the outer radial boundary (Wy=1.1), and a zero gradient boundary condition is imposed on
the inner boundary (W=0.9).

We study a typical DIII-D high density ELMing H-mode discharge, with toroidal

field B=1.5T, plasma current [ =1.15MA, and pedestal density n,,.,=7.6 10" cm”. The

epe
discharge exhibits what are known as “small Type I” ELMs, and the initial equilibrium is
constructed from measured profiles just before an ELM is observed. The initial equilibrium
is found by ELITE to be linearly unstable to a range of intermediate to high » modes.
Nonlinear BOUT simulations are initialized with this equilibrium, and evolved into the

strongly nonlinear phase, with results given in Figs. 2-4. In the early stage of the simulation,

a fast growing mode is seen in the sharp gradient region of the pedestal, with approximately



the growth rate and spatial structure expected from linear peeling ballooning calculations.
The dominant mode in the linear phase is n=20, as shown in Fig 2a [note again that An=5 is
used, hence what appears as n=4 in the 1/5 toroidal domain is an n=20 mode], with a growth
rate y/w,~0.15, where w, is the Alfven frequency. At later times, (t>~2000, where t is
normalized by the ion cyclotron frequency 2=5.65 10’ s™") a very rapid burst occurs resulting
in the expulsion of particles and heat across the separatrix, in a filamentary structure that is
radially extended, but localized in the cross field (toroidal) direction as shown in Fig 2c. Fig
3a-b shows the poloidal structure of the mode, which maintains a characteristic ballooning
structure, with maximum amplitude near the outboard midplane, and very small amplitude
on the inboard (high field) side. Fig 3c shows the 3D stucture of the radial burst in the
explosive nonlinear phase. The mode evolves into a filament extended along the magnetic
field across the outboard side of the torus as it propagates outward. We note that this fast
growing, nonlinear bursting mode also appears consistent with the basic peeling-ballooning
model, as the mode does not exist when parameters are lowered significantly below the
linear peeling-ballooning threshold.

Several characteristics of the early nonlinear phase of the simulations are consistent
with predictions of nonlinear ballooning theory [12]. The theory posits that the dominant
nonlinear terms weaken the stabilizing effects of field-line bending, resulting in a growth
rate that increases with time during the early nonlinear phase (“explosive growth”), and fast
radial propagation of extended filaments. A simplified version of the theory predicts
perturbations growing as 1/(t,-t)" toward a finite time singularity at t=t,. Figure 4a shows the
time evolution of the perturbed density as a function of radius on the outboard midplane,
with approximately linear growth of the mode in the sharp gradient region of the pedestal at
early times, followed by a fast radial burst at t>~2000. The evolution of the perturbed
density in the simulations is complex (Fig. 4a-b), punctuated by temporary decreases in
amplitude before the final rapid burst. However, the overall structure fits well with the
explosive form c/(t,-t)", as shown by the dashed line in Fig 4b, fit with r=1/2. The growth
rate 1/0n d(dn)/dt, calculated from a seven point boxcar average, generally shows the
expected explosive behavior [Fig 4c], with growth rate increasing slowly with time at early
times, and then a trend toward a very fast increase during the late phase of the simulations
(broken up by occasional lulls). The emergence of complex behavior in the simulations at

t~2000 corresponds roughly to the time at which the perturbed quantities (dn/n,, eq/T, etc.)



become order 1, and to the time at which the local perturbed density becomes comparable to
the total density at outer locations, breaking the symmetry between positive and negative dn.

An important question not addressed by nonlinear ballooning theory is whether one
or several propagating filaments are expected in the explosive nonlinear phase. In the
simulation shown in Figs 2-4, a single dominant filament emerges at a particular toroidal
location in the simulation domain. In this simulation, a broad band of toroidal mode
numbers are initialized at random phase. Analysis of the time evolution of the spectrum
reveals that multiple modes grow linearly, with nonlinear coupling of nearest neighbors
driving the lowest n in the box (n=>5 in this An=5 simulation) strongly. It is then the point of
maximum resonance between the dominant linear mode (n=20) and this strongly nonlinearly
driven mode (n=5) that determines the toroidal location of the maximum perturbation
amplitude (white region in Fig 2b), where the fast radial propagating burst occurs (Fig 2c¢).
Note that while this simulation was carried out in a An=5 box, the result can be extrapolated
to a full torus (An=1) box, where nearest neighbor linear modes will beat together to drive an
n=1 mode, which will then determine a toroidal location of maximum resonance. This
mechanism of course requires multiple unstable linear modes. If the same simulation is
carried out, initialized with only a pure n=20 mode, the result is quite different, as shown in
Figure 5. Even in the strongly nonlinear phase (Fig 5b), only harmonics (n=0,20,40,80,120)
are present at significant amplitude, and the radial burst (Fig 5¢) occurs with approximate
toroidal symmetry, with a full contingent of 20 filaments propagating radially into the SOL.
In general, both the single filament (Fig 2) and multiple filament (Fig 5) cases are physically
realizable, depending upon the flatness of the growth rate spectrum, and the rate at which the
pedestal is driven across the marginal point.

We note evidence of secondary instabilities breaking up the radial structure of the
mode in Fig 5b-c as well as Fig 2c. The origin and evolution of these secondary instabilities,
including comparisons to the existing “blob” formation and evolution literature [eg 13-15],
are an important topic for future study.

We have focussed on a set of simulations using a single initial equilibrium for
simplicity of the discussion, but note that the general characteristics described above: 1) a
linear growth phase with mode characteristics similar to those expected from linear peeling-
ballooning studies, 2) a brief lull in the growth rate near the time where dn/ny~1 locally, 3)
explosive growth of one or many filaments, and fast radial propagation into the SOL, appear

to be generic characteristics of several cases studied thus far.



ITI. Comparison to Experiment

Filamentary structures associated with ELM onset have been observed on multiple
tokamaks. An early observation (Fig 6a-b), using data from a poloidal array of fast magnetic
probes on the DIII-D tokamak [16], found that the ELM magnetic perturbation (Fig 6a) is
associated with a single filamentary structure extended along the outboard (low field) side.
For comparison, we have plotted the BOUT simulation results from Figs 2-4 at a late time
(t=2106) during the nonlinear burst phase as a function of poloidal and toroidal angle in
Figure 6¢c. Because the mode is rotating toroidally in the experiment (as expected from
peeling-ballooning theory with rotation [17]), time can be mapped to toroidal angle. The
general characteristics of the observed filament, including its poloidal extent and filamentary
structure, are quite similar to the simulation results.

Filaments associated with ELM onset have also been directly observed using fast
(few us) cameras. Multiple images from the MAST spherical tokamak [18] clearly show a
set of filaments associated with the ELM event, with a relatively symmetric structure (n~10).
Recent observations [19] of CIII emission during the ELM event on the DIII-D tokamak
similarly show a filamentary structure, as shown in Fig 7a-b. Estimates based on the spacing
between filaments suggest a mode number of approximately n~17. For the case shown in
Fig 7b (DIII-D shot 199449), an equilibrium has been reconstructed using profiles measured
shortly before the observed ELM. Using ELITE, this equilibrium is found to be linearly
unstable, with the most unstable mode number falling in the range 15<n<25. The mode
structure calculated by ELITE for n=18 has been rendered in 3D, and is shown in Fig 1b. A
view of this mode structure similar to the fast camera view is shown in Fig 7c. Note that
both the apparently broad (because of proximity to the camera) filaments in the near field
and the apparently narrow filaments in the far field of the camera are qualitatively similar
between the observation (Fig 7b) and the calculated linear mode (Fig 7c). The observations
are of course expected to correspond to the nonlinear phase of the ELM in which the
filaments have radially propagated into the SOL, generating CIII emission, and indeed the
observed mode structure shows significant asymmetry. Nonlinear simulations with BOUT
have also been carried out for this case. In the early phase of these simulations, the mode
structure is symmetric and similar to the linear structure shown in Fig 7c. During the

explosive nonlinear phase the mode develops a degree of asymmetry.



A number of additional measurements on DIII-D, including beam emission
spectroscopy and scanning probe data [20] appear to be consistent with filamentary

structures propagating at rapid radial velocities during the ELM crash.

IV. Discussion

Nonlinear simulations using the 3D electromagnetic reduced-Braginskii code BOUT
have been employed to study the evolution of peeling-ballooning modes thought to be
responsible for edge localized modes in tokamaks. In the early, linear phase of the
simulations, mode characteristics, including growth rate and structure, are similar to those
expected from linear peeling-ballooning theory. In the later, nonlinear stages, the mode
grows explosively, and one or many filaments propagate radially into the open field line
region, carrying particles and heat. Evidence of secondary instabilities breaking up the
extended radial filaments is seen in the latter stages of the simulations.

A single dominant filament is expected in the case where the growth rate spectrum is
relatively flat, and multiple toroidal mode numbers (n) are driven linearly unstable before a
single (most unstable) n mode grows to large (dn/ny~1) amplitude. In this case, nearest
neighbor linear modes couple to nonlinearly drive a low n mode. The location of maximum
resonance between the dominant linear mode and the strongly driven nonlinear mode then
determines the toroidal location at which the burst occurs. In the case where a single
toroidal mode is able to grow to large amplitude before other n values grow to significant
amplitude, the instability remains approximately toroidally symmetric well into the nonlinear
phase, and multiple (approximately n) filaments propagate outward.

Several characteristics of the BOUT simulation results are consistent with nonlinear
ballooning theory [12], including explosive growth of the filaments, with perturbations
growing roughly as ~1/(t,-t)", and growth rate increasing with time. Additional complexity is
seen in the simulations, including a characteristic lull that occurs in the early nonlinear phase
and may be associated with the perturbed density becoming comparable in magnitude to the
local equilibrium density in some locations, breaking the symmetry between positive and
negative density perturbations.

A number of characteristics of the simulation results, including poloidal extent and
filamentary structure, are consistent with fast ELM observations on multiple experimental

devices.



We note that these filamentary structures observed in the simulations and in
experiment are associated with the ELM event, but simple loss of the energy and particle
content of the (one or many) filaments themselves cannot account for the large losses of
particles and heat associated with the full ELM crash. We propose two possible mechanisms
to explain these losses. In the first mechanism, proposed in Ref 12, the filaments act as
conduits, which remain connected to the hot core plasma. Fast diffusion and/or secondary
instabilities in the outward propagating region of the filament allows loss of particles and
heat from the filament to nearby open field line plasma. The ends of the field line remain
connected to the hot core plasma, allowing parallel flow and consequent loss of a substantial
amount of heat and/or particles from the core. In the second mechanism, the growth and
propagation of the filament causes a collapse of the edge transport barrier, resulting in a
temporary return of L-mode-like edge transport, and rapid loss of particles and heat from the
edge region. The presence of sheared flow in the edge region weakly suppresses the growth
of peeling-ballooning modes [17], however once mode growth begins, it proceeds with a
single eigenfrequency. As the mode grows and propagates radially, it suppresses the sheared
flow in the edge region, via the mode JxB torque, and, particularly in the case of low n edge
modes, coupling to the resistive wall. In the absence of the sheared flow, the edge transport
barrier collapses, and strong turbulent transport mechanisms usually associated with L-mode
return temporarily. As edge profiles relax, the drive of the peeling-ballooning instability is
removed, and the flow shear and edge barrier are able to re-establish themselves, and the
ELM cycle repeats itself. We note that collapse of the edge E, well has indeed been
observed during the ELM crash [21]. It is of course possible that both of the above
mechanisms are important in the full ELM event. We note that collisional suppression of
electron heat flow along field lines (suppressing the “conduit” mechanism) may explain the
observed decrease in conductive heat transport for ELMs in high density plasmas, while the
barrier collapse and recovery time might determine the minimum “pure convective” ELM
size.

Ongoing studies are focused on extending the duration of the nonlinear simulations
to explore the above mechanisms and allow comparisons with experiment across the full
ELM duration. Another high priority is extending the spatial extent of the simulations to
allow study of the full range of global (n=1) through ion gyroradius scales, and eventually
conducting transport timescale simulations starting with a stable equilibrium and pushing it

slowly across the peeling-ballooning stability threshold.
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Figure 1: (a) Schematic diagram of peeling-ballooning stability bounds vs. edge current and pressure gradient
for different shaped equilibria. (b) Mode structure calculated by ELITE of an n=18 peeling-ballooning mode in
DII-D discharge 119049. Rendered in 3D with intensity proportional to the line integral of positive
perturbation strength along the line of sight.
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Figure 2: Contour plots of the normalized density perturbation (dn/n,) along the outer midplane at early times
(a) shows the expected peeling-ballooning structure (here n=20) in the pedestal region. Later (b) a more

pronounced toroidal localization is seen, followed by (c) a fast radial burst across the separatrix, localized
toroidally, but extended along the field.
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Figure 3: Contours of the perturbed density as a function of radial and poloidal coordinates at (a) t=100 and (b)
t=2105. The poloidal coordinate extends in and out of the page along the magnetic field, but a flat projection



is shown. The mode shows the expected ballooning structure at early times (a), with maximum amplitude near
the outboard midplane, and maintains a similar though more complex poloidal structure during the radial burst
phase (b). (c) Shows a surface of constant perturbed density at the late time (t=2106), rendered in 3D to show
the structure of the radially propagating filament.
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Figure 4: (a) Contour plot of the evolution of the perturbed density on the outboard midplane. (b) Evolution of
the rms density perturbation at the separatrix, compared to a fit of the form 1/(t,-t)". (c) Inverse growth rate of
the perturbed density as a function of time.
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Figure 5: Contour plots of the normalized density perturbation (dn/n,) along the outer midplane, from a

simulation initialized with a single toroidal mode (n=20). (a) Shows the expected peeling-ballooning structure
(n=20) in the pedestal region during the linear phase. At later times (b and c) the mode remains approximately
toroidally symmetric, even as the simulation becomes strongly nonlinear, and filaments burst radially outward.
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Figure 6: Measured time and poloidal angle dependencies of an edge instability in the DIII-D tokamak: (a)
time evolution of dB/dt from a magnetic probe on the outer midplane, and (b) contour plot of dB/dt vs time and
poloidal angle. This is compared to (c) a contour plot of the perturbed density from BOUT simulation results
(from the case shown in Figs 2-4) at t=2106, in poloidal vs toroidal angle space. The time axis in (b) can be
mapped to toroidal angle using the observed toroidal rotation speed of the mode.
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Figure 7: CIII images during ELM events for two DIII-D discharges (a and b). (c) Mode structure calculated
by ELITE for an n=18 peeling-ballooning mode in an equilibrium reconstructed using measured profiles just
prior to the ELM event observed in (b).



