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Optimization of Stellarators is a Two Stage Process

Stage I Optimization

- Last Closed Flux Surface (LCFS) Shape
- Pressure Profile
- Rotational Transform

Stage II Optimization 

- Coil Shape
- Subject to Engineering Constraints

2



Stellarators Need Space for Breeding Blankets & 
Neutron Shielding

Plasma-Coil Separation: distance 
between the last closed flux surface and 
the center of an external field coil

Need ~1.5 m between coils and plasma

Both ARIES-CS and W7-X report issues 
with not enough spacing

ARIES-CS Design from The Aries-CS Compact Fusion Power Plant (2008)3



Other Benefits of Large 
Plasma-Coil Separation

1.5 m 2.5 m

3.10 m1.86 m

* Precise QH, to scale

1. Reduced coil ripple
2. Components can shift during startup 

and initialization
3. Plasma configurations large 

plasma-coil separation can be scaled 
down
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Difficulty of Increasing Plasma-Coil Separation in 
Stage II Optimization

50 cm Separation

      Pick 
Two

Plasma-Coil 
Separation

Simple 
Coils

Accurate 
LCFS 

Boundary
Coils that have a higher uniform separation from the 

plasma are more complex

25 cm Separation 65 cm Separation
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Coils offset a uniform distance from the W7-X plasma



Hypothesis: Plasma-Coil Separation can be Understood 
in Terms of Magnetic Gradient Scale Length

We shall show a good correlation between 
this magnetic gradient scale length (L

∇B) and 
the plasma-coil separations of actual coil 
designs of over 40 configurations calculated 
in REGCOIL.
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Outline

1. Intuition for Magnetic Gradient Scale Length
2. Methods of Coil Optimization in REGCOIL
3. Comparison Between L

∇B and LREGCOIL and Discussion
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LTe  

Ln

Precedent for the Magnetic Gradient Scale Length

Arguments of scale lengths are used in 
plasma physics to determine which 
effects are negligible and significant.

A spatial gradient of the magnetic field 
encodes some information about the 
spatial distance from the coils to the 
plasma.
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Magnetic Gradient Scale Length Has Been Used in 
Dipole Localization 

For a dipole:

r

Sensor

Dipole

- Useful in RFID localization 
- single dipole-like field

- Cannot use for coil localization 
- multi-coil arrangement and not dipole-like

Conclusion: On the right track, 
but need a different equation!

Nara et al. (2006) & Clark (2012) 10



Assumptions of ||∇B|| to Formulate L
∇B 

Many matrix norms exist. We should choose one so:

1. Norm uses all 9 components of gradient matrix
2. Norm is invariant to rotation

x

y

z

x’

y’

z’
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L
∇B Behavior In Model Geometry
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REGCOIL is a Useful Optimizer to Systematically Compare 
the Coils of Many Configurations

For any 𝛿 > 0, there exists an infinite number of 
current arrangements in a finite region around 
the plasma that match B on the LCFS to an error 
𝜺 < 𝛿.

REGCOIL’s objective function preserves 
convexity, so any local minimum is a global 
minimum. 

Fewer tuning parameters than other codes.
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Overview of REGCOIL

 2 free parameters: L  and λ. A unique solution requires 2 constraints:

1. BRMS =  B*
RMS

  

2.  ||K||∞= ||K||*∞
15

LLCFS

Winding Surface

n



BRMS is a Measure of Accuracy in the Last Closed 
Magnetic Flux Surface
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B*
RMS uniquely defines regularization 

parameter



Smaller BRMS = Better Flux Surfaces
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REGCOIL Must be Constrained by ||K||∞  to make 
Buildable Coils

Low ||K||∞

High ||K||∞ 

||K||∞ or Kmax is the highest current 
density on the winding surface

Uniquely defines plasma-coil 
separation18
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Virtual Casing Decomposes Bcoils From Btotal
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Plasma 
Current

External 
Current

Code contribution by Dhairya Malhotra



Summary of Methods
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   Parameters

● B*
RMS = 0.01 T

● ||K||*∞ = 11.3 MA/m
● a = 1.704 m
● BVol = 5.865 T
● mpol & ntor = 20
● n𝜃 & n𝜁 = 96
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Goodman 
QI NFP 1

Jorge QI 
NFP 1

Goodman QI NFP 2
Landreman Precise QA

HSX - No Ripple
HSX- With Ripple

Landreman 
Precise QH

CTH - High  𝜾

W7X - With 
Ripple

ESTELL
ITER

CTH - Low  𝜾
W7X - No Ripple

NCSX
ARIES-CS

TJ-II

CNT
Wistell-B



There is Good Spatial Correlation between ||K||∞ and L*
∇B

The smallest L
∇B and 

the largest K are 
located at the same 
coordinates
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L
∇B is Shortest on the Inside of the Bean Cross-Section

26



Alternative Magnetic Gradient Scale Lengths are Similar to L
∇B
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Where σ represents the singular values of ∇B



Alternative Scale Lengths
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HSX HSX without ripple (nmax =4)

Configurations with High Coil Ripple are Outliers
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HSX HSX
(no ripple)



Summary

We established a fundamental connection between L
∇B and the plasma-coil 

separation. We calculated the distance of L
∇B of over 40 configurations, and found 

a strong correlation between L
∇B and the plasma-coil separation of stage II 

optimized configurations with magnetic field accuracy and coil complexity 
constrained.  

L
∇B is shortest on the inside curve of the bean-shaped cross-section of the 

plasma, which appears to explain why some stellarators are hard to make with 
distant coils.
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1. Can we get better configurations by optimizing for L
∇B?

a. Currently Ongoing in DESC

2. Is there a better Magnetic Gradient Scale Length than L
∇B?

   , where                                                             . 

3. How well does L
∇B work as a plasma coil separation metric for filamentary 

coils?
a. Can we relax the assumptions that we made in REGCOIL?

Open Questions/ Ongoing Research
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||K||∞ is inverse to 
Minimum Coil-Coil 
Distance
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Some VMEC Solutions are Inaccurate in Cartesian 
Coordinates

Outlier configurations do not pass at least one of the 
following tests. Most likely caused by computer precision 
error when converting from VMEC to Cartesian coordinates

This implies that better accuracy can be achieved by either 
a) more accurate VMEC solutions

b) Finding the Frobenius norm without converting to 
Cartesian coordinates

0.38
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Full Table of Plasma Configurations (1/2)

update

Update
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Full Table of Plasma Configurations (2/2)
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L
∇B Behavior In A Circular Wire

Update
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