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1.

INTRODUCTION

Energetic particles (EPs) are known to drive instabilities in magnetically confined fusion plasmas, such as
toroidal Alfvén eigenmodes (TAEs) and energetic particle modes (EPMs), which can significantly impact EP
transport and affect plasma confinement [1]. Therefore, understanding the saturation mechanisms of EP-driven
instabilities remains a key, long-standing challenge in fusion research. However, recent experimental results
have revealed an intriguing phenomenon -- the formation of internal transport barriers (ITB) induced by
energetic particles (EP) [2—6], where the underlying physical mechanisms remain unclear. Previous studies
suggest that ITBs could be influenced by fast particle dilution[7, 8], electromagnetic stabilization [9] and zonal
mode (ZM) stabilization [10-13]. Among these, ZM stabilization plays a dual role: saturating Alfvén
eigenmodes (AE) and forming an ITB. While existing models describe how TAEs generate ZMs, they lack a
self-consistent saturation mechanism [14—17]. This work introduces a novel cross-scale interaction model in
which TAE-driven ZMs is damped by collisionless drag via geodesic acoustic transference (GAT) [18-21],
leading to a new pathway for EP energy transfer to the thermal plasma, as shown in Fig 1.
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Fig 1. A feedback diagram for TAE and ZM with energy deposition from EP to thermals. The ZM saturates the TAE via wave
coupling and suppresses drift wave (DW) turbulence via shearing effect, while the thermal plasma damps the ZM, resulting
in heating of the thermal ions. Through ZM, EP/TAE physics and conventional DW turbulence physics are coupled.

2.

KEY RESULTS

Our study develops a Predator-Prey type model for the coupled dynamics of EP, TAE, turbulence, and ZM,
emphasizing the role of ZM damping in regulating TAE saturation. The key findings include:

TAE Saturation Mechanism: In conventional models, Alfvén eigenmodes can be saturated via
relaxation of the EP profile or velocity space gradients, driven by transport induced by the modes
themselves. However, when the EP source is both strong and sustained, these conventional saturation
mechanisms may be insufficient. We established the evolution model of TAE and ZM following Ref.
[16, 17], where we clarified the relative magnitudes of the different driving sources for ZM and
highlighted the energy-conserving interactions between TAE and ZM. With a sustained EP profile and
strongly excited TAE, zonal modes are directly driven by TAE via Reynolds and Maxwell stresses, and
are then damped through both collisional and collisionless drag. The evolution of TAE in the presence
of ZMs conserves energy, thereby closing the system’s feedback loop and forming a Predator-Prey type
model [22]. Through this energy-conserved TAE-ZM interaction, TAE saturation is achieved, with the
saturation level being controlled by the damping rate of the ZM. In core plasmas with low collisionality,
ZM collisionless damping becomes the dominant process.

Geodesic Acoustic Transference (GAT) as a Damping Mechanism: In a tokamak, the toroidal
magnetic field decreases with increasing major radius, leading to the compressibility in the E X B
flow along the poloidal direction. This compressibility generates a pressure sideband, which further
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couples zonal flow (ZF) with ion flow and parallel current. This process is referred to as geodesic
acoustic transference (GAT) [18-20], as shown in Fig 2. In the low-collisionality regime considered
here, turbulent mixing of the pressure sideband serves as the primary dissipation mechanism. We
identify GAT as a novel pathway for ZM collisionless damping, where ZM energy dissipates into the
thermal plasma via turbulence mixing of the thermal pressure sideband. The effective collisionless
damping rate of ZF from GAT process is Vg X w2 opTrurp /@4, Which leads to the conclusion that the
saturation level of TAE is linked to the intensity of thermal turbulence (characterized by y,,5)-
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Fig 2. Illustration of geodesic acoustic transference (GAT). Due to the variation of the toroidal magnetic field, the E X B
flow exhibits compressibility, leading to the generation of a pressure sideband. As a result, the zonal flow (ZF) couples with
ion flow, parallel current, and the pressure sideband. In a low-collisionality regime, ZF energy is dissipated through
turbulent mixing via the pressure sideband.

e Alpha Channeling Effect: The energy transferred through ZM collisionless damping leads to the
heating of the thermal plasma, introducing a new “alpha channeling” mechanism. The heating power is
proportional to the ZM collisionlless damping rate o ¥,V 5, which can be distributed to both ions
and electrons when temperature ratio t; = T; /T, ~ 1, or predominately into electrons when 7; « 1.
This process may provide an effective means of distributing fusion-born alpha particle energy.

e Suppression of ITG Turbulence: The estimated zonal flow shearing in our model surpasses the
typical linear growth rate of ITG modes, leading to ITG suppression and the possible formation of an
ITB. The criterion for ITB formation is estimated as y;4r/Vir¢ > kg o/kz. The feedback process
between TAE-driven zonal flows and thermal turbulence is incorporated into the TAE/ZM predator-
prey model. Given that TAE saturation amplitude is linked to turbulence intensity, our model predicts a
seesaw-like relationship between EP transport and thermal turbulent transport within some parameter
regimes. Specifically, increased thermal turbulence indirectly reduces EP transport by modulating ZM
collisionless damping, while higher TAE amplitude strengthens zonal flow shearing, thereby
suppressing turbulent transport. We analyze the possible fix points of the system and investigate how
the system evolves around these points.

3. CONCLUSION

Our findings provide a self-consistent explanation for EP-driven ITB formation through the interplay of TAEs,
ZMs, and turbulence. Unlike traditional models where TAE saturation occurs via EP profile relaxation or wave
trapping, our work reveals an alternative pathway by introducing ZM collisionless damping. This insight is
crucial for understanding plasma confinement in future burning plasma. The results also highlight the
importance of cross-scale interactions in fusion plasmas, demonstrating how meso-scale zonal structures can
mediate energy transfer between fast particles and turbulence. This could impact transport modeling in fusion
devices and provide new scenario for turbulence suppression via TAE-direct-driven zonal flows.
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