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Edge-localized modes (ELMs) have been observed in a wide range of tokamaks operating in
H-mode [1]. These periodic relaxations at the plasma edge do not only limit the performance of
present day tokamaks, but can be dangerous for the plasma facing components in reactor-scale
machines. The peeling-ballooning (PB) model [2] has been successfully employed to calculate
the stability limits associated with ELMs in conventional aspect ratio machines, such as DIII-D
[3]. PB modes are driven unstable by large current density and pressure gradients in the edge
pedestal. Stability thresholds for PB modes are typically calculated within the frame of ideal-
MHD, for example with the ELITE code. However, the predicted ideal-MHD stability limits
often do not agree with experimental observations in plasma discharges in spherical tokamaks
(STs), such as NSTX [4]. Some MAST discharges were found to be located on the ballooning
stability boundary [5]. A distinctive advantage of spherical tokamaks is enhanced (ideal) MHD
stability. STs can operate at higher normalized pressure and higher bootstrap current fractions,
and are thus promising candidates for economical fusion reactors. A more accurate edge stabil-
ity model is needed to understand pedestal physics in low-aspect ratio tokamaks, and to obtain
a predictive pedestal structure model. We show that non-ideal physics, particularly resistivity,
can significantly alter peeling-ballooning stability thresholds in spherical torus configurations,
such as NSTX and MAST.

We first focus on ELMing standard H-mode NSTX discharge 132543, which exhibits type-
I ELMs. We take a kinetic EFIT reconstruction as initial conditions for the simulations. The
electron density n, and electron temperature 7, measurements are averaged through the last
20% of the inter-ELM period to obtain a better spatial resolution. In order to calculate the
stability limits, the edge current density and pressure are varied with the Varyped tool, creating

a two-dimensional parameter space around the reconstructed equilibrium. The simulations with
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the M3D-C1 code [6, 7] employ a single-fluid enhanced-MHD model [8]
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where, as usual, B denotes the magnetic field, p the pressure, p the ion mass density, u the fluid
velocity, J the current density, E the electric field, 1 the resistivity, IT the viscous stress tensor
and ¢ the heat flux density.

Similar to previous observations in ELMing NSTX discharges, Fig. 1 shows that the ideal-
MHD models [ELITE and ideal limit (10% of Spitzer resistivity) in M3D-C1] predict PB modes
to be stable in NSTX discharge 132543. However, when Spitzer resistivity is taken into account
the unstable domain expands considerably and the discharge is located on the unstable side of
the stability boundary as seen in Fig. 1c. To allow for a meaningful comparison with ELITE the
M3D-C1 computations include diamagnetic effects in terms of the growth rate normalization.

A mode is considered unstable if WHp > @yefr/2, and thus the stability boundary is given as
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pedestal (n is the toroidal mode number, subscript i denotes the main ion species and y is the
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=1, with @y = being the maximum of the ion diamagnetic frequency in the
poloidal flux). A considerable expansion of the unstable region towards lower values of edge
current density and pressure is also found for ELMing NSTX discharges 139037 and 139047
when Spitzer resistivity is taken into account. In all of these cases the ideal-MHD calculations
locate the experimental point on the stable side, while the resistive simulations indicate PB in-
stability consistent with the occurrence of ELMs in the experiment. A more detailed discussion
of the resistive scaling in NSTX is presented in Ref. [9].

While plasma rotation typically has a negligible effect on peeling-ballooning stability in the
ideal-MHD model in conventional aspect ratio, this might not be the case in NSTX. In our
simulations we initialize the fluid velocity with the measured toroidal ion rotation, but we do
not modify the equilibrium to include centrifugal effects. For the considered NSTX cases, finite
plasma rotation suppresses ideal core modes, but does not significantly affect edge stability.
This was confirmed with further simulations based on the measured E x B velocity, where the
growth rates changed only marginally.

Non-ideal effects other than resistivity are found to have a weaker impact on the stability
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Figure 1: Peeling-ballooning stability boundary and normalized growth rate y/(@s;/2) of the most
unstable mode calculated for equilibrium variations of NSTX discharge 132543 with (a) the ideal-MHD
code ELITE. (b) M3D-C1 in the ideal limit. (c) M3D-CI using Spitzer resistivity. The bold solid lines

represent the stability boundary and the cross shows the experimental point. Reproduced from [9].

boundary. As expected, finite-Larmor radius effects are stabilizing and in NSTX 132543 move
the stability boundary closer to the operational point. This can explain why this point is experi-
mentally accessible. The details will be subject to future publication.

To study the effect of resistivity n on
MAST 29782

peeling-ballooning stability limits in MAST,
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we consider ELMing single-null diverted dis- 0.06.

charge 29782. Fig. 2 shows the growth rate So0e]
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Figure 2: Normalized growth rate y/ oy as a func-

ity. While some dependency of ¥ on 1 is ob-
tion of toroidal mode number n for MAST 29782 in

served, the scaling seems weaker compared
the ideal limit (n X 0.1) and with Spitzer resistivity

to the observations in NSTX. Different to the (nx1).
ELMing NSTX cases the modes are already
unstable in the ideal limit. These results were obtained with simple profiles for n, and 7, and are
thus preliminary. Current simulations are being carried out with the experimental profiles, and
this will be followed by computing an equilibrium variation to determine the stability boundary.
These results are subject to future publication.

The stability limits calculated in the ideal-MHD limit with M3D-C1 have been benchmarked
with a conventional aspect ratio discharge, and the effect of resistivity has also been investigated.

For this study DIII-D discharge 147105 was considered during an ELMing phase at 3750 ms.
The stability boundary calculated with ELITE and with M3D-C1 in the ideal limit agree rea-
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sonably well. Resistivity causes the stability boundary to shift only moderately to lower values
of edge pressure and current density, such that the ideal-MHD model can be considered to well
describe PB stability limits in these cases [9]. For conventional aspect ratio machines it is typi-
cally found that modes on the pressure-limited side have ballooning character, while modes on
the peeling-side have external-kink character. This is also true for the DIII-D discharge stud-
ied here. However, the resistive modes in NSTX show a ballooning character throughout the
unstable domain, including the peeling side.

While resistivity appears to be important for peeling-ballooning stability in low-aspect ratio
devices, it is not yet clear if this is a pure result of the aspect ratio itself or other physical
parameters, such as collisionality, plasma current or pedestal width. This is currently under
investigation. Future work will focus on ELM-free discharges in NSTX and MAST, as well as

the impact of two-fluid effects on peeling-ballooning stability.
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