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Low frequency Alfven eigenmodes in toroidal geometry, such as beta-induced Alfven-acoustic 

eigenmode (BAAE) and beta-induced Alfven eigenmode (BAE), can cause significant loss of fast ions in 
fusion plasmas, which is a major concern for fusion experiments that rely on plasma heating and/or current 
drive by neutral beam injection or energetic fusion products (α-particles). The BAAE has been observed in 
DIII-D, JET, NSTX, ASDEX-U, and HL-2A tokamaks, and LHD stellarator. Since BAAE has strong 
interactions with both thermal and energetic particles due to its low frequency, it can be excited by either 
thermal or energetic particles, and may also affect thermal plasma transport. 

The BAAE is first formulated in an ideal magnetohydrodynamic (MHD) theory as a discrete 
frequency eigenmode within the toroidal frequency gap generated by linear coupling of shear Alfven 
continuum and ion acoustic continuum. The ideal BAAE thus has a radially localized mode structure with 
Alfvenic polarizations for the principal poloidal harmonic m=nq (m and n are poloidal and toroidal 
harmonics, respectively, and q is the safety factor), and acoustic polarizations for the poloidal sidebands 
(m=nq±1). This ideal MHD eigenmode of thermal plasmas can then be used to calculate wave-particle 
energy exchanges for BAAE excitation by pressure gradients of energetic particles, an approach known as 
perturbative theory. However, a local gyrokinetic theory argues that Landau damping due to the strong 
interactions between BAAE and thermal ions would prevent a significant response to the acoustic 
polarizations in collisionless fusion plasmas. Other kinetic effects such as trapped thermal particles could 
also be important for BAAE. Thus, a self-consistent gyrokinetic simulation treating both thermal and 
energetic particles on the same footing is required to resolve the outstanding controversy whether BAAE 
can be excited in the collisionless plasmas of fusion interest. Using the global gyrokinetic toroidal code 
(GTC), our initial simulations find [Phys. Plasmas 23, 042510 (2016)] that unstable BAAE can be excited 
by realistic energetic particle density gradients, even though the stable BAAE (in the absence of energetic 
particles) is heavily damped by the thermal ions.  

The physics underlying these seemingly contradictory results is elucidated in this work. Global 
GTC simulations of an intermediate-size tokamak find that unstable BAAE and BAE can be simultaneously 
excited with similar radial mode widths and comparable linear growth rates even though the damping rate 
of damped BAAE is much larger than BAE in the absence of fast ions. This surprising result is attributed 
to non-perturbative effects of the fast ions that modify ideal MHD mode polarizations and nonlocal 
geometry effects that invalidate radially local BAAE linear dispersion relation. In fact, simulation results 
show that unstable BAAE and BAE both have dominant Alfvenic polarizations for the poloidal sidebands. 
On the other hand, the damped BAAE has dominant acoustic sidebands while weakly damped BAE has 
dominant Alfvenic sidebands, which are consistent with the fact that BAAE damping rate is much larger 
than BAE. Direct calculations of wave-particle energy exchanges show that thermal ion Landau damping 
of the unstable BAAE is very weak (at a level similar to damping of BAE) due to the fact that the local 
acoustic dispersion relation is not valid for radially broad mode structure of the unstable BAAE. These 
simulation results indicate that non-perturbative AND radially 
nonlocal theory are needed for describing the BAAE excitation. 
Finally, GTC simulations with various tokamak sizes show that 
dominant mode changes from BAAE in a larger tokamak (closer to 
ITER) to BAE in a smaller tokamak (closer to present-day 
tokamaks) due to the dependence of wave-particle resonance 
condition on the tokamak size (Fig. 1). (In collaborations with Y. 
Liu. Supported by US DOE SciDAC GSEP). 
Fig. 1. Frequencies (solid) and growth rate (dashed) of BAAE 
(red) and BAE (black) as a function of tokamak major radius. 
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