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Introduction

In ITER, the performance of burning plasmas will depend on the population of alpha particles being
well confined within the plasma core, as the heating of the DT plasma will then rely mainly on the
energy of these suprathermal particles that are produced by core fusion reactions. A phenomenon
that can potentially hinder the successful operation of ITER is therefore the destabilization of
Alfvén eigenmodes (AEs) by alpha particles [Fu 1989], whereby an increased radial transport of the
latter could degrade the conditions necessary to sustain the fusion process and carry damaging heat
loads to the tokamak wall [Sharapov 2013]. In this work the stability of AEs is systematically
addressed for the 15 MA ELMy H-mode ITER baseline scenario [Polevoi 2002, Pinches 2015,
Lauber 2015, Rodrigues 2015] making use of a recently introduced framework [Rodrigues 2015]
that is based on the hybrid MHD drift-kinetic code Castor-K [Borba 1999, Nabais 2015].

Results and Discussion

We consider two variants of the aforementioned ITER scenario with plasma current I, = 15 MA,
toroidal magnetic field By=5.3 T, and plasma major and minor radii Ry=64m and a=2m,
respectively'. The kinetic profiles in Figure 1 are plotted versus the radial coordinate s, the square
root of the poloidal magnetic flux normalized to its boundary value. Both scenario variants have
approximately the same electron density n, and impurity content n,, which is essentially Be, and the
fuel density npp =np+ np is for an optimal mix of D and T, i.e., ny = ny. The main difference
between the two variants is that in the one on the left of Figure 1, hereafter called LoPed, electron
and ion temperatures T, and T;, respectively, are much lower at the pedestal and much higher at the
core than in the HiPed variant on the right. Naturally, the higher core temperatures go with a much
higher density of alpha particles na and helium ashes (thermalized alpha particles) ny, in LoPed. For
convenience, differences in the safety factor g are discussed apropos Figure 4.
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Figure 1. Kinetic profiles for the two variants of the 15 MA ITER baseline scenario. Compared with the LoPed
scenario, HiPed is characterised by higher temperatures at the pedestal and lower core temperatures, together with a
lower density of alpha particles and He ashes.
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Here, Ry is the position of the magnetic axis.
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Figure 2. Linear growth rates y normalized to the Alfvén frequency w, = va/Ry, where the Alfvén velocity at the
magnetic axis is vp = 7.1x10° m/s in LoPed and v = 7.0x10° m/s in HiPed, versus toroidal mode number n and
colored by AE frequency for the two variants of the 15 MA ITER baseline scenario. Different symbols are used for
Toroidicity induced AEs (TAEs), Ellipticity induced AEs (EAEs), and Non-circular triangularity-induced AEs
(NAEs). TAEs appear in dark-blue patterns corresponding to frequencies around w, /2 (the middle of the TAE gap)
and are the most unstable. No valid AEs have been found for n <7 in LoPed and n < 13 in Hiped.

Besides Castor-K, which assesses the stability of AE by computing their linear growth-rates, our
suite of numerical codes comprises Helena [Huysmans 1991] to obtain equilibria and Mishka
[Mikhailovskii 1997] to calculate eigenmodes. AEs have been extensively considered in our
methodical approach, a necessity that stems from our purpose of forecasting experimental results,
rather than interpret them. Here, we focus on values of n ranging from 1 to 50 in order to stay
within the limits of the drift-kinetic ordering for the alpha particles [Rodrigues 2015]. All possible
AEs have been determined by scanning the mode frequency w/w, from 0.01 to 2 in steps of 2x10~
and inputting (w/w,)* to Mishka as a guess of the eigenvalue that, upon convergence, is returned
together with the mode eigenfunction. A selection of valid AEs has then been made based on two
criteria: the mode frequency cannot match the Alfvén continuum at any radial position where the
mode amplitude is above 1% of its maximum, and the eigenfunction must be well-resolved radially
with a numerical grid index h, < 0.3 [Rodrigues 2015]. Around 2300 AEs were selected for LoPed
and 400 for HiPed. These AEs were then processed by Castor-K, which calculates the energy oW,
exchanged between a mode and a given population (P) of plasma particles as well as the associated
growth rate yp = Im(6W;)/(2awW,), where W, is the kinetic energy of the mode perturbation [Borba
1999]. For each mode, four Castor-K runs were done to calculate the drive due to the alpha particles
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Figure 3. In both analysed scenarios the most unstable TAEs are core-localized. As seen from the g profile in
Figure 4, in HiPed these TAEs are inside the ¢ = 1 surface, so they are ‘tornado modes’ [Sharapov 2013]. Due to
the closing of the TAE gap few modes exist for n > 20 in HiPed — only those located at the bottom of the gap that
avoid matching the continuous spectrum, as seen in Figure 5. Such is not the case in LoPed for which more modes
exist for high n due to the extended low magnetic-shear region that makes gaps close at an outer position, as seen in
Figure 4, and because in LoPed higher-n modes are located at inner positions than lower-n modes. Moreover, the
higher magnetic shear in HiPed does not allow the existence of Low Shear TAEs (LSTAESs) beyond s ~ 0.3.
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Figure 4. The elgenfunctlons of the most unstable AEs represented by the colored lines have been calculated by
Mishka using 17 harmonics with poloidal mode number starting at m = n — 1, but only the strongest 4 are shown. In
both scenario variants the modes fall within the TAE gap of the Alfvén continuous spectrum. Notice that the
baseline of the eigenfunction (zero value on the right axis) marks the mode frequency on the left axis. The on-axis
value of the safety factor in HiPed is ¢(0) = 0.96, around 3% lower than ¢(0) = 0.987 in LoPed. While in HiPed the
low magnetic-shear region ranges from the axis to s = 0.3, in LoPed it extends to s =0.5. The ¢ =1 surface is
located at s = 0.2 in LoPed and s ~ 0.37 in HiPed.

(o) and the damping due to the interaction with the bulk ions (DT), the electrons (e), and the helium
ashes (He), thus obtaining the total growth rate y= ya+ypr+ 7.+ 74 Of the AE. The alpha-particle
population has been described by a radius-independent slowing-down energy distribution with a
crossover energy E.= 730 keV in LoPed and E,= 585 keV in HiPed, and a dispersion around the
alpha-particle birth energy Ag = 50 keV in both cases [Rodrigues 2015]. Radiative damping, which
has a non-negligible contribution to y in LoPed [Rodrigues 2015] will be included in a forthcoming
article [Figueiredo 2015].

The growth rates”* shown in Figures 2 and 3 are larger in LoPed than in HiPed. Although EAEs and
NAESs have positive growth rates in LoPed, all markedly unstable modes are TAEs in the vicinity of
n=30 in LoPed and n =15 in HiPed. Figure 3 shows a difference in the evolution of TAE
localization as n increases: while in HiPed modes become progressively located at outer positions,
the opposite occurs in LoPed. This results directly from ¢ being below 1 in HiPed and above 1 in
LoPed within the region 0.2 < s <0.37. Notice that the unstable modes in Figure 3 are LSTAE:s,
well-localized and within the low magnetic-shear region of the plasma core. As shown in Figure 4,
in LoPed the most unstable mode is a n = 31 TAE located at s = 0.37 near the bottom of the TAE
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Figure 5. Frequency distribution of “tornado modes”
inside the TAE gap in HiPed. The lower frequency
branch is formed by symmetric modes at the bottom
of the gap, while the modes in the upper branch are
anti-symmetric TAEs located at the top of the gap.

continuum. At this point it is interesting to verify
the estimate of n for the most driven AE that is
based on matching the width of passing alpha-
particle orbits and the TAE width [Pinches 2015,

2 . L R .
Notice the normalization to the Alfvén frequency instead of the more usual mode frequency.
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Rodrigues 2015], which is given by n = s/¢g’xa/R;xQa/w,. The cyclotron frequency of the alpha
particles is Qa = 2.5x10® rad/s and g(s) is taken at the mode location. Using ¢(0.37) = 1.016 we
arrive at n = 26 in LoPed, while in HiPed (0.17) = 0.968 leads to n = 13.

In Figure 5 the frequency of TAEs is plotted versus n for HiPed. Two main branches are evident
inside the TAE gap: an upper branch made of modes that rise in frequency as n increases, and a
lower branch with decreasing frequency modes. The lower-frequency branch is made of symmetric
modes, while the modes in the upper branch are anti-symmetric [Pinches 2015, Lauber 2015].
Moreover, for a given n the number of oscillations in the poloidal harmonics of these modes
increases as the frequency increases in the upper branch, or as the frequency decreases in the lower
branch. The long line that chirps down until n = 45 has the simplest symmetric TAEs with a single
peak per m (no oscillations). Its ‘mirror’ line in the upper branch ends abruptly at n = 20. This
occurs because the TAE gap closes at an inner s for modes at the top of the gap than at its bottom,
causing the missing modes to be strongly affected by continuum damping.

Summary

The linear-stability of AEs for two variants of the 15 MA ELMy H-mode ITER baseline scenario
has been analysed using the hybrid MHD drift-kinetic code Castor-K. The main difference between
the two variants LoPed and HiPed is in the temperature profiles, particularly at the edge pedestal.
Results show that the most unstable modes are TAEs with n around 30 in LoPed and 15 in HiPed.
In both variants of the ITER scenario these unstable TAEs are localized in a low magnetic-shear
region of the plasma core. In the HiPed case a clear frequency distribution of symmetric and anti-
symmetric TAEs, which are in fact ‘tornado modes’, has been found within the TAE gap that agrees
with recent studies on the same ITER scenario [Pinches 2015, Lauber 2015]. Calculation of
radiative damping is underway and will be part of a following publication. While radiative damping
has been shown to somewhat reduce the highest LoPed growth rates [Rodrigues 2015], it should not
alter our results for HiPed significantly since its most unstable mode is an anti-symmetric TAE,
which is therefore practically unaffected by radiative damping [Nyqvist 2012].
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