
Stellarator Coil Design: Past, Present and Future. 
S. R. Hudson + thanks to many. 
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Simons “Hidden Symmetries” Summer School, 2019 
 

1. The magnetic field required to confine a plasma must be provided externally,  
       provided (historically) by a set of external current-carrying “coils”.    
 
2. Very early coil designs were simplistic; but, advanced stellarators were constructed, e.g. LHD. 

 
3. The idea of “optimized stellarators” was conceptual breakthrough. 

 
4. In this talk, the mathematics of modern coil-design algorithms & trends shall be described. 



Lyman Spitzer’s invented the stellarator in 1951.  
Model A began operation sixty-six years ago in 1953. 



Many coil arrangements were investigated, 
and the stellarator programme made great progress. 

torsatrons: e.g. ATF 

heliotrons: e.g. LHD 

heliacs: H-1, TJ-II 
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Magnetic field is given by Biot-Savart law. 
Coil design must be quite simple? 
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Q. Why do we need external current-carrying coils? 
A. Plasmas cannot create their own confinement. 
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Shafranov (1966). For more detailed derivation of MHD virial theorem, see J. Freidberg, Ideal MHD.  



To prevent end losses, magnetic field must be closed. 
Hairy Ball theorem: closed magnetic fields are toroidal. 
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Why do stellarators look so complicated? 
Confinement requires plasma current or 3D shaping. 
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tokamak stellarator 

C. Mercier, Nucl. Fusion 4, 213 (1964) 
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Optimized stellarators: first design B, then design coils. 
But how is the magnetic field to be prescribed? 
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Optimized stellarators: first design B, then design coils. 
But how is the magnetic field to be prescribed? 
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Consider an external “winding surface” that surrounds 
the plasma, on which a sheet current is allowed. 
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For a given winding surface, calculate current potential 
that minimizes quadratric-flux “error” functional. 

P. Merkel, Nucl. Fusion 27, 867 (1987)  
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Coil design is inverse problem; maybe not well-defined. 
Large change in geometry gives small change in field. 
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Can regularize the minimization problem by  
introducing a penalty on the current density. 
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M. Landreman, Nucl. Fusion 57, 046003 (2017)  
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The winding surface constrains the coil geometry. 
Optimization of the winding surface. 
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E. J. Paul, M. Landreman et al., Nucl. Fusion 58,  076015 (2018)  
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Discretizing the continuous current potential into a 
finite set of discrete coils leads to “coil ripple”. 
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What is a suitable reference for COILOPT? 



Some normal fields, namely resonant fields,  
are more important than others. 
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J. R. Cary, Phys. Rev. Lett. 49(4), 276 (1982), J. R. Cary & J. D. Hanson, Phys. Fluids 29, 2464 (1986) 
S. R. Hudson, D. A. Monticello et al., Phys. Rev. Lett, 89, 275003 (2002) 
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Can construct stellarators with planar sections on 
outboard side, which provides easy access. 
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Beyond the winding surface:  
the coil geometry is completely free. 
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C. Zhu, S. R. Hudson et al., Nucl. Fusion 58, 016008 (2018) 
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Can calculate the second variation w.r.t. coil variations. 
This determines sensitivity to coil variations. 
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C. Zhu et al., Plasma Phys. Control. Fusion 60 054016 (2018), C. Zhu et al. Nucl. Fusion, accepted (2019) 
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Stochastic Optimization: optimize geometry of coils so 
that small errors do not degrade performance 
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J-F. Lobsien et al., Nucl. Fusion 57, 102020 (2018)  
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Variational calculus of surface integrals: 
The target functional is analytic. 
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R.L. Dewar et al., Phys. Lett. A 194, 49 (1994), S. R. Hudson et al., Phys. Lett A  382, 2732 (2018) 
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Can differentiate the geometry of the optimal coils 
w.r.t. the shape of the plasma boundary. 



Shaping the plasma can simplify the coil complexity. 
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Next step in optimized stellarators: 
integrated plasma + coil optimization. 

MHD 
Equilib. 
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S. Henneberg, P. Helander, S.R. Hudson et al., 



Beyond the single-filament approximation: 
optimization of non-zero cross-section coils. 
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L. Singh, T. Kruger et al., 

           filament     +          frame       =  “finite-build” 



 
M. Zarnstorff, C. Zhu, P. Helander, M. Landreman et al., 

Magnetic field can be provided by permanent magnets. 
Can optimize shape of coils and positions of dipoles. 
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NCSX planar coils and non-zero thickness of 
permanent magnets on NCSX vacuum vessel. 



Fewer coils = less $$$ + more space. 
What is the simplest possible stellarator? 
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Columbia  
Non-neutral Torus  

(CNT) 



Beyond the target surface: 
Optimizing B directly from the coil geometry. 
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A. Guiliani, G. Stadler, M. Landreman et al., 



Future work: Optimization of “island divertor”. 
Outside the “last closed flux surface” is a chaotic mix. 
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Closed magnetic fields are toroidal.  
Most general torus is knotted. Quasi-helical knots exist. 

Garren & Boozer Fig.9 Garren & Boozer Fig.11 Garren & Boozer Fig.13 

 
D. A. Garren & A. H. Boozer, Phys. Fluids B 3, 2822 (1991) , S.R. Hudson et al., Phys. Plasmas 21, 010705 (2014) 

“knotatrons” 

+ = 
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Coils for knotatrons: 
How can a given knot be linked? 

32 
 
C. Smiet et al., 



So, where are we now? 
This is the beginning of 3rd era of stellarator design.  
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No commercial flights to the moon; no fusion reactor. 
But there has been impressive progress. 

Kittyhawk, 1903, 1st flight 

Model A, 1953, 1st stellarator 

Moon landing, 1969 

Optimized stellarator, W7-X 

≈ 66 years 



Thank You. 
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Variation in length of curve depends only on normal 
variations and curvature. 
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Variation in magnetic field w.r.t. variations in the coil 
geometry (for filamentary currents). 
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Early Stellarators. 
 



In stellarators, the coils provide the poloidal field. 
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