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1.INTRODUCTION 

Achieving the ambitious goal of completing an initial Fusion Pilot Plant (FPP) design by 2028 will require 
integrating many tools to aid in optimizing and verifying the design. Stellarator design by nature demands a 
closer integration of physics and engineering analyses, as  coil shaping decisions strongly dictate the achievable 
plasma performance. This challenge is also a strength of stellarators, since the dominant external control allows 
innovations in design to be reliably made using theory and computation at minimal cost and time. 

This overview presentation will discuss the current state of stellarator simulation and modeling, and multiple 
efforts to firmly establish tools and metrics for stellarator digital models, useful for physics and engineering 
design validation and optimization. There are many formal stellarator computational projects worldwide [1-4] 
with work at both public institutions and private companies. This overview will highlight the tremendous 
progress that has been made in stellarator computational tools, and current areas of research and development, 
focusing on U.S. efforts and tying to the larger international stellarator community. This includes better 
integrating simulation codes across multiple fidelities, leveraging advanced optimization and Artificial 
Intelligence (AI) methods for robust design optimization, and including more detailed engineering analyses in 
stellarator optimization.  

2. STELLARATOR PLASMA PHYSICS SIMULATION 

The level of fidelity in describing and predicting stellarator plasma physics has matured significantly since 
current stellarator machines were designed and optimized, reflecting a progression in physics, numerical 
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algorithms, and computational power. Examples include MHD stability, fast ion loss, energetic particle modes, 
and microturbulence calculations [5-8]. Tradeoffs between fidelity and compute time have led to a range of 
simulation codes focused on different tasks from optimization to design validation. Higher-fidelity codes are 

being used to derive better proxies for 
direct computation, for use in automated 
optimization. Artificial Intelligence (AI) is 
likewise being used to create code 
surrogates across a range of geometries 
for direct inclusion of higher fidelity 
physics calculations in optimization loops 
(see Fig. 1) [9]. Further opportunities are 
to be found in integrating codes to create a 
truly multi-physics, integrated modeling 
capability for the stellarator fusion 
plasma. 

Fig 2: Results of neural network predictions of stellarator turbulent energy flux, based on ~70k gyrokinetic 
turbulence simulations with GX [10] 

3. STELLARATOR ENGINEERING  

Engineering design of stellarators requires various calculations ensuring e.g. magnets that create desired 
plasmas, sufficient tritium breeding in the blanket, minimization of nuclear heating to superconducting magnets, 
and building support structures for magnets. Computational tools for engineering tasks such as these are being 
streamlined and automated, from targeted plasma and coil optimization packages [11-12] to parametric 
generation of full 3-D stellarator CAD designs[13]. Simulation tools for detailed neutronics calculations at the 
CAD-level are now routinely available [14], critical for the 3-D nature of stellarators. Coupling neutronics 
calculations with additional engineering simulation for conjugate heat transfer with liquid lithium and MHD 
flow provides a holistic breeder blanket simulation capability [15]. Additional engineering analysis workflows 
have been developed to perform structural optimization (for example magnet support structure placement 
between modular coils), utilizing detailed finite-element level calculations (multi-physics from 
electromagnetics, structural, thermal-hydraulic, etc.).  

 

Fig. 2 Neutronics calculations with OpenMC in a model reactor level stellarator, showing improvement 
CAD-level modeling results gives to local nuclear heating measurements.  
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