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Results shown in this talk available on:

And also on GitHub
github.com/rogeriojorge/simple_coil_paper
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Single-Stage Example script available in SIMSOPT

In the master branch

Å Vacuum

Å Finite beta

Optimization for QA, QI, QH in 



3

Single Stage Optimization

Stage 1 (Plasma)

Stage 2 (Coils)

At the same time!
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Stage 1 optimization ς Magnetic Field Equilibrium (MHD)

Quasisymmetry/Quasi-isodynamic IotaAspect RatioTurbulence

Plasma Boundary
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Quasi-
isodynamic

Quasi-helical symmetryQuasi-axisymmetry

Stage 1 optimization ς Magnetic Field Equilibrium (MHD)
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Quasi-
isodynamic

Quasi-helical symmetryQuasi-axisymmetry

Stage 1 optimization ς Magnetic Field Equilibrium (MHD)
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Stage 1 optimization ς Magnetic Field Equilibrium (MHD)

Quasisymmetry IotaAspect Ratio

ὐ ὗόὥίὭίώάάὩὸὶώὙὩίὭὨόὥὰὺάὩὧȢὥίὴὩὧὸ ὃz ὺάὩὧȢὭέὸὥ ―z

Optimization ð Minimize ╙╢◄╪▌▄

Degrees of freedom ð ●╫▫◊▪▀╪►◐

only in QA
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Stage 1 optimization ς Magnetic Field Equilibrium (MHD)

Quasi-Axisymmetric Example

ὗόὥίὭίώάάὩὸὶώὙὩίὭὨόὥὰ 

Equivalent to the minimization of non-quasisymmetric 

Boozer components

ὗόὥίὭίώάάὩὸὶώὙὩίὭὨόὥὰπ for a Fourier 

decomposed B leads to only quasi-symmetric 

Fourier components
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Stage 1 optimization ς Magnetic Field Equilibrium (MHD)

Rotating Ellipse Example

Quasisymmetry

residual
The boundary varies and the 

objective functions vary as well

Example objective 

functions: quasisymmetry, 

loss fraction of ‌ particles
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Stage 1 optimization ς Magnetic Field Equilibrium (MHD)

Rotating Ellipse Example

The boundary varies and the 

objective functions vary as well

Example objective 

functions: quasisymmetry, 

quasilinear estimate for 

turbulence
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Stage 2 optimization - Coils

Coil performance

Aim for ║Ȣ▪ π to achieve:

Å Quasi-symmetry

Å Rotational transform

Å Particle confinement

Coil complexity

Include regularization terms to control:

Å Coil curvature

Å Coil-to-coil separation

Å Coil length

F. Wechsung

Simons 2022
M. Landreman

Simons 2019

Finding coils that reproduce a 

given field is an ill-posed 

problem

Simple coils far away from the 

plasma are difficult to find



12

Stage 2 optimization - Coils

Squared flux ὄȢὲ Coil CurvatureCoil-Coil DistanceCoil Length

ὐ ὄ᷿Ȣὲ ὨὛ ὧέὭὰȢὰὩὲὫὸὬὒᶻ ÍÁØὰᶻ ὧέὭὰ ȢὨὭίὸὥὲὧὩȟπ ÍÁØὧέὭὰȢὧόὶὺὥὸόὶὩ‖ᶻȟπ

Optimization ð Minimize ╙╢◄╪▌▄

Degrees of freedom ð ●╬▫░■▼

W7-AS coil



Stage 2 optimization - Coils

Squared flux ὄȢὲ

on a surface to ensure that

ὄ ὄ  (vacuum)

Minimize

(2) Change coils field lines to 

align with plasma field lines

(1) Select half a field period as a surface 

S and compute its normal vector
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How optimization usually goes
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Single stage optimization

ὐ ὄ᷿Ȣὲ ὨὛ ὧέὭὰȢὰὩὲὫὸὬὒᶻ ÍÁØὰᶻ ὧέὭὰ ȢὨὭίὸὥὲὧὩȟπ ÍÁØὧέὭὰȢὧόὶὺὥὸόὶὩ‖ᶻȟπ

Single stage optimization: 

Minimize  ὐ   ὐ

ὐ ὗόὥίὭίώάάὩὸὶώὙὩίὭὨόὥὰὺάὩὧȢὥίὴὩὧὸ ὃᶻ ὺάὩὧȢὭέὸὥ ―ᶻ

Next step: compute gradients to feed to the optimizer

Degrees of freedom:

●╬▫░■▼ȟ●╫▫◊▪▀╪►◐
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Single stage optimization

ὐ ὄ᷿Ȣὲ ὨὛ ὧέὭὰȢὰὩὲὫὸὬὒᶻ ÍÁØὰᶻ ὧέὭὰ ȢὨὭίὸὥὲὧὩȟπ ÍÁØὧέὭὰȢὧόὶὺὥὸόὶὩ‖ᶻȟπ

ὐ ὗόὥίὭίώάάὩὸὶώὙὩίὭὨόὥὰὺάὩὧȢὥίὴὩὧὸ ὃᶻ ὺάὩὧȢὭέὸὥ ―ᶻ

Gradient = ȟ  

‬ὐ

‬ὼ
π

‬ὐ

‬ὼ
ᴼὪὭὲὭὸὩ ὨὭὪὪὩὶὩὲὧὩί

‬ὐ

‬ὼ
ᴼὥὲὥὰώὸὭὧὥὰ ὛὍὓὛὕὖὝ

‬ὐ

‬ὼ

‬ ὄ᷿Ȣὲ ὨὛ

‬ὼ

Biot-Savart B (no 

boundary dependence)
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Test the derivatives

Compare stage 2 analytical derivatives with 

respect to ●╬▫░■▼ȟ●╫▫◊▪▀╪►◐ finite differencing

Compare 

ὐ   ὐ  

derivatives given 

by SIMSOPT with 

finite differencing
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How to assess the optimization?

2) Use quadratic flux minimizing (QFM) surfaces

Given a set of coils, what is the surface traced 

by field lines? QFM Minimize( )

1) Superimpose Poincaré plots with VMEC surfaces



19

Single stage vacuum optimization - Results
Stage 1 + Stage 2 Single Stage

- CNT-like stellarator (A=3.5)

- 4 coils + quasi-axisymmetry

ÅStandard optimization is 

not able to find a solution

ⱤḐ Ȣ

Convergence in 150 evaluations

Validation with Poincaré plot

Simple shapes
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Single stage vacuum optimization - Results
Stage 1 + Stage 2 Single Stage

- 2 coils/nfp, 3 field periods, QA 

ÅStandard optimization finds a 

solution but B.n still too high

ⱤḐ Ȣ

Convergence in 300 evaluations

Validation with Poincaré plot

Standard QA shape



21

Single stage finite ‍ optimization

When a plasma pressure P is present

Use the virtual casing principle!

leads to an extra magnetic field

VMEC calculates 

the total
but we only need this component to 

evaluate the

Quadratic Flux

(finite ‍)

Compute the currents on the virtual surface of a 
superconductor surrounding the plasma

Integrate its surface current density

Field just inside the virtual surface

Singular Kernels evaluated 

using the BIEST code

D. Malhotra et al. 2020 PPCF 62
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How to assess the optimization?

2) Use quadratic flux minimizing (QFM) surfaces

Workflow

1) Superimpose Poincaré plots with VMEC surfaces

3) Use VMEC in free boundary mode

1. Perform single-stage optimization

2. Save coils to MAKEGRID format

3. Run XGRID (STELLOPT)

4. Run VMEC free boundary (STELLOPT)

5. Compare fixed vs free boundary
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Single stage finite ‍ optimization - Results

4 coil stellarator with 2% ‍ on-axis



VMEC free boundary

ⱤḐ Ȣ
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Single stage finite beta optimization - QA
Single Stage

- 4 coils/nfp, 2 field periods, QA 

ÅLow B.n but spoiled quasisymmetry

Single Stage

ⱤḐ Ȣ

2.5% volume-averaged ‍ 

5.3% ‍ on-axis
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Applications of new algorithm

Find simplified stellarators (three perspectives)

1. Engineering perspective

Coils that are simple to build and maintain such as planar coils or coils 

that do not link the plasma

2. Operation perspective

Coils that have large accessibility for ports and diagnostics

3. Design perspective

Coils with a small number of degrees of freedom or small aspect ratios
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Applications of the new algorithm

6 coil stellarator


