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This paper documents first work toward validation of BOUT++ nonlinear edge localized mode (ELM) sim-
ulations in X-point geometry, at experimental pedestal collisionality, against multiple diagnostic mea-
surements of a well-characterized ELM event in DIII-D. The key to the BOUT++ simulations is the use
of a hyper-resistivity model that effectively spreads the very thin current sheets that form in low collis-
ionality nonlinear simulations, and allows for ELM driven magnetic reconnection at finite current density.
Experimental ELM characterization includes multiple fast line-integrated diagnostic measurements
revealing in-out divertor asymmetric response to ELMs, IRTV imaging at the divertor targets, visible
emission in the divertor volume to test the extension of BOUT++ to X-point geometry, and forward mod-
eling of new electron cyclotron emission imaging to test predictions of ELM filaments in the edge pedes-
tal. Initial comparisons suggest optimized BOUT boundary conditions and model parameters, and show

similarities between initial BOUT++ results and several measurements.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The impulsive heat and particle losses due to unmitigated Type-
I edge localized modes (ELMs) [1] are predicted to cause excessive
erosion and damage to plasma facing components (PFCs) in future
high power tokamak devices [2, and references therein]. Full non-
linear predictive capability for ELM energy loss, target heat flux
deposition, etc. would be very valuable to predict PFC require-
ments for future reactor designs, and requirements for candidate
ELM control techniques. Previously ELM simulations were limited
to artificially high collisionality regimes due to numerical prob-
lems associated with very thin current sheets that form in low coll-
isionality nonlinear simulations. A new hyper-resistivity model in
the BOUT++ fluid MHD code [3] allows full nonlinear simulations
at experimental collisionality, and therefore permits direct com-
parison of code predictions with multiple experimental measure-
ments. The purpose of this paper is to document initial progress
toward validation of this BOUT++ model, extended to X-point
geometry, with fast ELM measurements on DIII-D.
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The paper is organized as follows. The experimental character-
ization of ELM events in the DIII-D tokamak is given in Section 2.
The results of linear and nonlinear BOUT++ simulations of this
ELM are described in Section 3. A comparison of the initial simula-
tion results with some of the experimental measurements is dis-
cussed in Section 4 leading to preliminary conclusions and plans
for future validation work.

2. Experimental ELM characterization

The Type-I ELM characterized in this paper occurred in the stan-
dard ELMing H-mode phase of a discharge. Later in the discharge
the plasma was subjected to significant n =2 resonant magnetic
perturbations (RMPs) that completely suppressed the Type-I ELMs
[4]. The work reported here is the beginning of a continuing project
to validate nonlinear BOUT++ simulations of both standard Type-I
ELM dynamics and the effects of RMPs to achieve ELM suppression.
The lower single-null (LSN) equilibrium plasma shape and evolu-
tion of basic plasma parameters for the DIII-D discharge are shown
in Fig. 1. Steady-state conditions during the ELMing H-mode phase
without the RMP were I, =1.5 MA, Br=1.95T, average Png; =5.6 -
MW, R=1.75m, a=06m, x=1.82, §=0.65 qg5=3.64, and
Bn =2.0. Regular Type-I ELMs at 40 Hz occurred from 2.0 to 2.4 s.

The crash and recovery of the ELM at 2241 ms (Fig. 2) were de-
tected with multiple fast acquisition data chords in the pedestal,
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Fig. 1. Evolution of key parameters for DIII-D discharge 146,394 from which the
ELM at 2241 ms was simulated with BOUT++, including (a) neutral beam power
(MW) and line averaged density (10'® m~3), and (b) I-coil current (kAt) and outer
divertor Dy, emission (au). Insert shows equilibrium shape and diagnostic locations
for signals in Fig. 2(a-f).
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Fig. 2. Evolution of multiple local measurements during the Type-I ELM at
2241.15 ms including (a) total stored energy (M]), line-integrated density along a
horizontal midplane chord (1.4 x 10*° m~2) and ECE emission near the top of the
pedestal (au), (b) D, emission from the top of the pedestal and near the separatrix
at the LFS midplane (au), (c) Dy, and (d) CIII (465 nm) emission from the ISP and LFS
X-point (au), (e) dB/dt (T/s), and (f) ion saturation current [js, (au)] from the ISP and
OSP.

scrape-off layer (SOL) and divertor; this provides a significant data-
base for validation of a BOUT++ nonlinear simulation of this insta-
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Fig. 3. Evolution of edge electron density profiles during the ELM with (a) temporal
evolution from D, emission in the outer divertor leg, and (b) multiple n. profiles at
times during the ELM evolution marked by vertical dashed lines in (a).

bility event. Fig. 2a shows that this ELM produced a drop in the
plasma stored energy of 6.5% (72 k] from a 1.1 MJ plasma) and a
reduction of the line integrated density of 5%. Fast transients were
seen on an electron cyclotron emission (ECE) channel at the top of
the pedestal, and on the outer midplane tangential D, channels
(Fig. 2b), which showed a larger transient in the SOL than at the
pedestal top. Transients seen in the divertor included an immedi-
ate spike in the Dy, chord viewing the low field side (LFS) X-point
region, and a delayed, smaller response from the chord viewing
the inner divertor leg (Fig. 2c). The response of CIII (465 nm) emis-
sion (Fig. 2d) was larger from the inner divertor chord than from
the outer X-point measurement, as was the response of js, from
a target mounted probe near the inner strike point (ISP) vs the out-
er strike point (OSP) (Fig. 2f). Also, the response on a magnetic
probe below the floor near the ISP was larger than the correspond-
ing response of a magnetic probe near the OSP (Fig. 2e). The com-
bined responses in Fig. 2b-f are consistent with both ion sound
speed parallel particle transport from an outer midplane balloon-
ing instability (Fig. 2b, ¢, f) and effects of the burn-through of the
detached inner leg by the ELM energy pulse (Fig. 2d and e). Finally,
fast reflectometry profile measurements from the outer midplane
(Fig. 3) showed the initial drop of pedestal density and broadening
into the SOL, followed by rapid recovery of the SOL and gradual
pedestal build-up. These measurements provide data to test multi-
ple aspects of the ELM dynamics in the BOUT++ physics model.
The effect of the ELM crash was also observed on several surface
and volumetric diagnostics, including divertor IR emission showing
broadening of heat deposition with multiple helical structures, and
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Fig. 4. ELM signatures on 2D diagnostics with (a) temperature change on the
divertor target from IRTV data, (b) CIII (465 nm) volumetric emission profile during
the ELM from tangentially viewing camera data and (c) 2D reconstructions of the
CIII profile assuming toroidal symmetry.

tangentially viewing visible emission showing broadening of the
carbon emission in the divertor. In Fig. 4a the data from the IR cam-
era show that the ELM event causes a substantial increase of the
target temperature far into both the inner and the outer SOL re-
gions, including multiple helical striations of the temperature as
seen in other devices [5]. In Fig. 4b and c, CIII emission (465 nm)
data show that the ELM broadens the visible emission profile sub-
stantially into the SOL at both the ISP and OSP.

3. BOUT++ linear and nonlinear ELM simulations

The ELM simulations in this paper were done with a three-per-
turbation-field (magnetic flux AH, electric potential @, and pressure
p) model [6,7] extracted from the complete BOUT++ two fluid MHD
equations. Non-ideal effects (finite resistivity - ViAH, diamagnetic
drift, E x B drift, parallel viscosity, and thermal diffusivity) are re-
tained and a hyper-resistivity or electron viscosity term (VjA”) is
added to facilitate ELM magnetic reconnection with finite current
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Fig. 5. Curve fits to pre-ELM radial profiles of plasma parameters in the pedestal
from Thomson scattering and CER data including (a) electron pressure (kPa) and
density (10'° m~—3), (b) electron and C®" ion temperatures (keV), (c) toroidal (10 km/
s) and poloidal (km/s) rotation and (d) radial electric field (E; — kV/m) and edge
current density including the bootstrap contribution (MA/m?). In (e) a comparison
of electron pressure profiles (Thomson scattering) pre(30-99%)-ELM (black solid)
and post(0-10%)-ELM (red solid), electron density (reflectometer) at tgpy — 0.1 ms
(black dashed) and at tz + 0.2 ms (red dashed) vs the BOUT++ simulated post-ELM
pressure at tg v +0.11 ms using a Dirichlet BC (blue) normalized to the pre-ELM
data at ¥y =0.9 and at tgy + 0.06 ms using a Neumann BC (green) with the same
normalization. Reflectometer profiles shifted by —0.03 in ¥y (within radial
accuracy) to align foot of pedestal with Thomson pressure profile. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

sheets at the low resistivity in experiments. The magnitude of
the hyper-resistivity coefficient is set by the assumption that the
anomalous electron viscosity is comparable to typical measured
values of electron perpendicular thermal diffusivity [7]. In the sim-
ulations below, a constant Lundquist number S = VaRo/# = 108 and
a constant hyper-Lundquist number Sy =VaR3po/ny=10" are
used. This determines a constant value of resistivity
/Uy =039 m?/s and hyper-resistivity #,/1, = 2.2 x 107> m*/s
which corresponds to a constant anomalous kinematic electron
viscosity u, = 7.6 m?/s. Recent work [8] has shown that an in-
crease of 10% in Sy only causes a factor of 2 increase in ELM size.
The three-field equations are solved using a field-aligned (flux)
coordinate system with shifted radial derivatives [7] on a periodic
domain in the parallel coordinate (with a twist-shift BC) and in
toroidal angle.

The BOUT++ ELM simulations were run with as many of the in-
put parameters as possible taken from experimental measure-
ments. The kinetic plasma profiles needed for the calculation
were obtained by averaging data from the last 70% of the ELM cycle
(i.e., 30-99%) for the ELM at 2241 ms. Fig. 5a-d shows the fitted
profiles of ne, Te, pe from Thomson scattering measurements, T,
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Fig. 6. BOUT++ linear simulation results using a Neumann BC including (a) radial
structure of poloidal harmonics (alternating red and black curves as m -number
increments by 1) for n=24 linear instability mode (m=nq =94 for black curve
peaking at ¥y = 0.96), and (b) 2D structure of the RMS pressure perturbation during
the initial nonlinear ELM crash at tg v + 70 pis (poloidal angle in radians referenced
to outer midplane). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

toroidal rotation, poloidal rotation and radial electric field (E;) from
charge exchange recombination (CER) data, and the edge current
profile including the bootstrap contribution calculated from the
data fits using the Sauter formula [9]. The electron and ion pedestal
collisionalities [9] were v; = 0.4 and v; = 0.18 respectively. These
profiles, plus core current profile data from motional Stark effect
(MSE) measurements, were used to generate the kinetic EFIT equi-
librium that provided the flux surface geometry for the simula-
tions. For these initial simulations, the E, within BOUT++ is
assumed to balance the ion pressure gradient, so that there are
no net equilibrium ion flows.

BOUT++ linear simulations indicated that the plasma with the
profiles shown in Fig. 5 was unstable to peeling—ballooning modes.
This is consistent with independent linear stability calculations
from the ELITE code [10]. The BOUT++ linear simulations show that
the growth rate peaks for toroidal modes between n=15 and
n =25, with a radial mode structure that displays both broad bal-
looning and narrow peeling features. Fig. 6a shows the radial struc-
ture of the poloidal harmonics of the pressure perturbation during
the initial linear phase when the toroidal mode number is n = 24. A
parallel viscosity in the range 3.9-7.8 x 10° m?/s was necessary to
obtain convergence of the peeling mode structure near the X-
point; the peeling mode components are stronger at lower
viscosity.

The initial BOUT++ nonlinear simulations show rapid saturation
of the RMS ELM pressure perturbation in about 6 s at t ~ 60 ps,
and propagation of the ELM structure into the SOL near the outer
midplane (Fig. 6b) during the ELM crash that starts at =70 ps.
Nonlinear simulations have been done with both Dirichlet (fixed
pressure) and Neumann (fixed pressure gradient — Fig. 6) bound-
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Fig. 7. Divertor target surface temperature perturbation [black — (°C)] [radial cut of
Fig. 4a IRTV data at horizontal white line] and BOUT++ target pressure perturbation
profiles [red — Dirichlet BC, blue — Neumann BC (kPa)] vs normalized poloidal flux
() for the (a) inner and (b) outer SOL regions. Note that in (b) the outer divertor
IRTV view for 0.985< ¥y <1.01 is occluded by the outer baffle shelf. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

ary conditions (BCs) on the inner edge of the computational grid,
using a parallel viscosity of 1.2 x 107 m?/s and a parallel thermal
diffusivity of 3.9 x 10’ m?/s. A comparison of the pedestal electron
pressure profile (Thomson scattering - black and red solid), density
profile (reflectometer - black and red dashed) and the BOUT++
solutions (blue and green) before and after the ELM event
(Fig. 5e) shows that the Dirichlet solution underestimates the
SOL perturbation and the Neumann solution overestimates the
perturbation at the top of the pedestal. The fractional drop of the
pressure at the location of the pre-ELM pedestal top in the Dirichlet
solution at 0.11 ms (30%) is similar to the drop of the density from
the reflectometer at 0.20 ms (25%), but larger than the pedestal
density drop at 0.10 ms (18%). Fig. 7 shows a comparison of the
spatial structure of the BOUT++ ELM pressure perturbation at the
divertor target using either the Dirichlet or Neumann BCs, with
the spatial structure of the surface temperature perturbation mea-
sured by IRTV. Both the separation and magnitude of SOL striations
(1.02 < ¥y < 1.08) on the outer target (Fig. 7b) are more similar to
the IR data for the Dirichlet BC case. For the inner divertor SOL stri-
ations, Fig. 7a shows narrower separation in both BOUT++ simula-
tions than in the IR data, although the width of the strike-point
peak (0.99 < ¥\ < 1.02) is more similar for the case with Neumann
BC. Future simulations with a 6-perturbation-field model (separate
ne, Te and T; perturbations) and a fixed energy flux inner grid BC
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should allow direct comparison of calculated and measured target
heat flux and CIII visible emission.

4. Summary and outlook

The DIII-D fast diagnostic set provides multiple measurements
of the evolution of the pedestal, SOL and divertor plasmas during
an ELM cycle for validation of BOUT++ linear and nonlinear ELM
simulations. Initial results from simulations run to several 100 ps
with Dirichlet and Neumann BCs show similarities to measure-
ments of the normalized outer midplane pedestal top pressure
and density perturbations, and to the separation of perturbation
striations at the outer divertor target. They also suggest that it will
be necessary to incorporate a fixed flux BC, grids with inner bound-
ary much further in (vis. ¥y ~ 0.5) and simulations run for much
longer (several ms) to better match the measured ELM energy loss,
midplane pedestal pressure profile perturbation and target heat
flux striations. Future simulations will also include comparison of
predicted ELM emission structure with data from ECEI in the ped-
estal [11] and images (both IR and line filtered visible emission)
from a new tangentially viewing periscope installed on DIII-D. Past
experiments in DIII-D with a limited poloidal view of the edge [12]
showed that ELM CIII emission from the SOL can compare well
with calculated linear ELM structure from ELITE. The wide-angle
poloidal view of CIII emission from the new periscope will provide

another strong test of BOUT++ linear and nonlinear predictions of
the ELM structure.
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