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THE SPACE OF MAGNETIC FIELDS     

PLANS FOR 2026 / 2027
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OPTIMIZATION METHODS: HOW DID WE FIND BETTER DESIGNS? 

❑ Much faster computing leveraging parallelism (can explore larger configuration space)

❑ Devised efficient recipes for finding QI and QS (better target functions)

❑ Developed faster algorithms & improved numerics (more evaluations inside optimization loop)

❑ Derived new reduced models (more physics in optimization loop)

❑ Combined plasma-coil optimization or “single-stage“ (access to better optimum)

net radial drift = 0
→ |B|contours need to close OP/OH/OT
→ no easy recipe 
→ W7-X is approximately OP=QI

does not guarantee confinement 
of trapped particles

𝑩 = 𝑩 𝝍,𝑴𝜽 −𝑵𝝋 in Boozer coordinates
→ more easy recipe
→ QA neoclassical physics = tokamak

Tokamaks

Develop state-of-the art codes & new optimization tools

❑ Equilibrium codes with and without nested surfaces (SD1)

SD1.1 New SPEC solver
SD1.2 Interface SIMSOPT-GVEC
SD1.3 Free-boundary optimization with SIMSOPT-GVEC

❑ Fast particle and neoclassical codes (SD2)

SD2.1 Extension of SIMPLE to support GVEC/SPEC equilibria
SD2.2 New solver for fast bootstrap evaluation beyond 1/nu regime
SD2.3 Interface SIMPLE-SIMSOPT to treat regions beyond LCFS
SD2.4 Extension of SIMPLE to treat divertor region and evaluate wall losses
SD2.5 New 2D drift-kinetic solver for arbitrary E-fields

❑New optimization tools to control the edge magnetic topology (SD3)

SD3.1 Optimization tools to control magnetic topology in the edge
SD3.2 Database of W7-X topological features versus coil currents
SD3.3 W7-X configurations optimized for the generation of transport barriers

❑New optimization tools to control quality of pwO & hybrid QAs (SD4)

SD4.1 Efficient metrics for the optimization of pwO fields
SD4.2 Optimization tools for converting a tokamak into a QA hybrid

❑New tools for analyzing the nonlinear stability of MHD modes (SD5)

SD5.1 SPEC-based algorithm that predicts nonlinear saturation of MHD modes

Generate and characterize new optimized stellarator configurations

❑New QI stellarator configurations (SD6)

SD6.1 Extended database of different CIEMAT-QI configurations
SD6.2 Direct-from-coils optimization of divertor topology at finite beta
SD6.3 Effect of turbulence optimization on turbulent transport in CIEMAT-QI
SD6.4 Structured database of near-axis QI configurations
SD6.5 Tradeoffs of physical properties in QI configurations
SD6.6 Different optimized divertor topologies for SQUID configurations
SD6.7 New optimized QI configurations using reduced models for turbulence
SD6.8 EMC3-EIRENE performance prediction in divertors with unpaired x-points
SD6.9 Effect of edge optimization on divertor performance

❑New pwO and hybrid QA stellarator configurations (SD7)

SD7.1 Feasibility assessment of tokamak-pwO hybrid
SD7.3 Coil feasibility and coil simplicity study for pwO fields
SD7.2 Characterized pwO configuration space
SD7.4 Divertor concept for a tokamak-QA hybrid
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Abstract

We present the first single-stage optimization of islands in a finite beta stellarator equilibrium

and a method to reduce the cost of such optimizations by reducing the dimensionality of the

optimisation space.

Introduction

I Magnetic islands play an important part

instellarator performance, whether intentional

(W7X island divertor) or unintentional (W7-AS).

I Stochastisation by increasing plasma β leads

to stellarator equilibrium β limits as shown by

Baillod et al. [1].

I Islands are very sensitive to small changes in

coils [2].

I Single-stage optimization directly optimizes the

coils, and evaluates the equilibrium generated

by these coils directly, bypassing errors

induced by the second-stage.

I Optimization of islands with si msopt has

been demonstrated coupled with VMEC [3] and

in free-boundary mode (without coils) [1].

I We take as starting point a rotating ellipse with

five field periods in which pressure has been

increased to β = 1.5%, until large islands are

formed.

7/ 5

8/ 5

9/ 5

Figure 1: Rotating Ellipse Equilibrium with islands and stochasticity.

I The free-boundary Spec equilibrum has 7 stepped pressure interfaces (teal) and 1 vacuum

volume between the computational boundary (black) and the plasma boundary (red) and is

run with resolution Mpol = 6, Nt or = 6

An Opt i mi zabl e Coi l Set coupled to a Spec equilibrium

{ (Bc · n)mn}

{ x{ c/ s} ,n} ,

{ y{ c/ s} ,n} ,

{ z{ c/ s} ,n}

Figure 2: DAG showing the degree of freedom

inheritance in the optimisation problem.

Figure 3: Initial coils producing the equilibrium in

fig. 1 and the normal field it produces on the

computational boundary.

I Coils are represented as Cur veXYZFour i er by three

coupled fourier series:

x(⌧) =
X

n

xc,n cos(n⌧) + xs,n sin(n⌧)

y (⌧) =
X

n

yc,n cos(n⌧) + ys,n sin(n⌧)

z(⌧) =
X

n

zc,n cos(n⌧) + zs,n sin(n⌧)

(1)

though any other representation can be used.

I five unique coils are copied through stellarator symmetry

and field periodicity, to generate a 50 coil coilset.

I The field produced by the coils is evaluated on the

computational boundary of the SPEC equilibrium, and a

free-boundary equilibrium is calculated from this.

I A Coi l Nor mal Fi el d replaces the Nor mal Fi el d, and

inherits its degrees of freedom (DoFs) from the individual

Coi l objects. The Directed Acyclical Graph (DAG) of the

optimization problem is shown in fig 2.

I The number of DoFs of the optimization problem increases

significantly when moving to coils: the normal field on the

boundary { (B · n)mn} (Mpol = 6, Nt or = 6) is represented

by 85 DoFs, whereas five sixth-order coils require 195

DoFs.

I A set of starting coils is optimized to generate the

equilibrium in fig. 1.

Issues with brute-force single stage

In the most naive implementation of single-stage optimization, the

optimizer often tries unfeasible coil configurations such as pictured

right. Such configurations are slow to converge (if at all), and can

lead to crashes of the solver in SPEC.

The issues are caused by:

I Rank-deficiency of the optimization problem: The equilbrium is uniquely described by the

85 DoFs of { (B · n)mn} , but the optimizer has many more. Combinations of the coil DoFs that

linearly cancel and leave { (B · n)mn} unchanged are free for the optimizer to take.

I increased nonlinearity: Changes to the normal field on the boundary directly affect the

equilibrium, but the change to a single fourier mode of one coil has a much more nonlinear

effect on the equilibrium.

These issues can be mitigated by setting a small trustregion that decreases with higher order

coil modes, and including targets on coil length AND coil complexity in the optimisation.

These targets must be set to a different value than starting, to enforce a reasonable step to the

optimizer.

Optimum achieved!

I All degrees of freedom of the coils are varied to evaluate 195 different SPEC equilibria for the

finite-difference scheme.

I The optimizer finds an improved equilibrium with the islands nearly completely removed.

I The Greene’s residue is reduced by one order of magnitude for all of the island chains.

I Brute-force single-stage optimization is possible, but there is room for improvement.

Figure 4: Optimized equilibrium with islands mostly removed.

Figure 5: Coils for the optimized equilibrium (black) and the

original equilibrium (white). The computational boundary inside is

colored by the magnitude of B · n

Dimensionality reduction of the optimization space

I The coils, described by n = 195 DoFs map onto the m = 85 fourier components describing

the normal field on the SPEC computational boundary. This mapping can be linearized:

f : Rm ! Rn ⇡ f (x0) + Mδx (2)

with M the jacobian of the mapping defined by:

Mij =
@xNormalFieldj

@xcoil i

(3)

I Singular Value Decomposition (SVD) on M yields an orthogonal basis for "coil space"

(rows of V⇤, combinations of coil DoFs) and an orthogonal basis of "normal-field-space"

(columns of U, combinations of normal-field fourier components) ranked by their singular

value.

I The null-space of our problem are the right-singular vectors with zero singular value.

Reduced optimisation gives better optima

Coi l Set is replaced with a ReducedCoi l Set whose DoFs are the non-zero right-singular

vectors of eq. (3) (linear combinations of the Fourier components of the coils).

The complexity of the optimization is now identical to directly optimizing the normal field, the

optimization is more robust, and the achieved optimum is better.

Figure 6: Equilibrium opbtained through optimization in reduced dimensional space.

Conclusions & Outlooks

I First single-stage optimization of islands in finite-beta stellarator equilbiria.

I Optimization space dimensionality reduction reduces computational complexity, improves the

optimum achieved.

I Test further dimensionality reduction by eliminating lowest singular values, skewing towards

modes most relevant for islands, mapping from coils to QFM through island chain.

I Dimensionality reduction not only useful for SPEC freeboundary optimizations, but any

direct-from-coils single-stage optimisation.
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Abstract

We present the first single-stage optimization of islands in a finite beta stellarator equilibrium

and a method to reduce the cost of such optimizations by reducing the dimensionality of the

optimisation space.

Introduction

I Magnetic islands play an important part

instellarator performance, whether intentional

(W7X island divertor) or unintentional (W7-AS).

I Stochastisation by increasing plasma β leads

to stellarator equilibrium β limits as shown

by Baillod et al. [1].

I Islands are very sensitive to small changes in

coils [2].

I Single-stage optimization directly optimizes the

coils, and evaluates the equilibrium generated

by these coils directly, bypassing errors

induced by the second-stage [4].

I s i msopt has been used to remove vacuum

islands in fixed-boundary optimization by

coupling VMEC and SPEC [3] and to remove

islands in free-boundary SPEC (without coils)

[1].

I We take as starting point a rotating ellipse

with five field periods in which pressure has

been increased to β = 1.5%, until large islands

are formed.
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Figure 1: Rotating Ellipse Equilibrium with islands and stochasticity. The

computational boundary is drawn in black, the plasma boundary in red,

and the six inner interfaces in teal.

I The free-boundary Spec equilibrum has 7 stepped pressure interfaces (teal) and 1 vacuum

volume between the computational boundary (black) and the plasma boundary (red) and is

run with resolution Mpol = 6, Nt or = 6

An Opt i mi zabl e Coi l Set coupled to a Spec equilibrium

{ (Bc · n)mn}

{ x{ c/ s} ,n} ,

{ y{ c/ s} ,n} ,

{ z{ c/ s} ,n}

Figure 2: DAG showing the degree of freedom

inheritance in the optimisation problem.

Figure 3: Initial coils producing the equilibrium in

fig. 1 and the normal field it produces on the

computational boundary.

I Coils are represented as Cur veXYZFour i er by three

coupled fourier series:

x(⌧) =
X

n

xc,n cos(n⌧) + xs,n sin(n⌧)

y (⌧) =
X

n

yc,n cos(n⌧) + ys,n sin(n⌧)

z(⌧) =
X

n

zc,n cos(n⌧) + zs,n sin(n⌧)

(1)

though any other representation can be used.

I five unique coils are copied through stellarator symmetry

and field periodicity, to generate a 50 coil coilset.

I The field produced by the coils is evaluated on the

computational boundary of the SPEC equilibrium, and a

free-boundary equilibrium is calculated from this.

I A Coi l Nor mal Fi el d replaces the Nor mal Fi el d, and

inherits its degrees of freedom (DoFs) from the individual

Coi l objects. The Directed Acyclical Graph (DAG) of the

optimization problem is shown in fig 2.

I The number of DoFs of the optimization problem increases

significantly when moving to coils: the normal field on the

boundary { (B · n)mn} (Mpol = 6, Nt or = 6) is represented

by 85 DoFs, whereas five sixth-order coils require 195

DoFs.

I A set of starting coils is optimized to generate the

equilibrium in fig. 1.

Least Squared cost functional

The newly defined optimization problem has the following challenging aspects:

I Rank-deficiency of the optimization problem: The equilbrium is uniquely described by the

85 DoFs of { (B · n)mn} , but the optimizer has many more. Combinations of the coil DoFs that

linearly cancel and leave { (B · n)mn} unchanged are free for the optimizer to take.

I increased nonlinearity: Changes to the normal field on the boundary directly affect the

equilibrium, but the change to a single fourier mode of one coil has a much more nonlinear

effect on the equilibrium.

Setting the cost functional:

c = (R7/ 5 − 0)2 + (R8/ 5 − 0)2 + (R9/ 5 − 0)2 + 0.1(L − L 0 ⇤1.01)2 + 0.1(C− C0 ⇤0.1)2 (2)

where Rm/ n is the Greene’s residue of the m/ n island chain, L ist total coil length and C are

total coil length and coil complexity (r.m.s. curvature).

Optimum achieved!

I All degrees of freedom of the coils are varied to evaluate 195 different SPEC equilibria for the

finite-difference scheme.

I The optimizer finds an improved equilibrium with the islands nearly completely removed.

I Greene’s residue is reduced by one order of magnitude for all of the island chains.

I Brute-force single-stage optimization is possible, but there is room for improvement.

Figure 4: Optimized equilibrium with islands mostly removed.

Figure 5: Coils for the optimized equilibrium (black) and the

original equilibrium (white). The computational boundary inside is

colored by the magnitude of B · n

Dimensionality reduction of the optimization space

I The coils, described by n = 195 DoFs map onto the m = 85 fourier components describing

the normal field on the SPEC computational boundary. This mapping can be linearized:

f : Rn ! Rm ⇡ f (x0) + Mδx (3)

with M the jacobian of the mapping defined by:

Mij =
@xNormalFieldj

@xcoil i

(4)

I Singular Value Decomposition (SVD) on M yields an orthogonal basis for "coil space"

(rows of V⇤, combinations of coil DoFs) and an orthogonal basis of "normal-field-space"

(columns of U, combinations of normal-field fourier components) ranked by their singular

value.

I The null-space of our problem are the right-singular vectors with zero singular value.

Reduced optimisation gives better optima

Coi l Set is replaced with a ReducedCoi l Set whose DoFs are the non-zero right-singular

vectors of eq. (4) (linear combinations of the Fourier components of the coils).

The complexity of the optimization is now identical to directly optimizing the normal field, the

optimization is more robust, and the achieved optimum is better.

The cost functional only inculdes the residues, does not penalize length or complexity.

Figure 6: coils generated through optimization of only nonzero

singular vectors.

Figure 7: Equilibrium opbtained through optimization in reduced dimensional space.

Conclusions & Outlook

I First single-stage optimization of islands in finite-beta stellarator equilbiria.

I Optimization space dimensionality reduction reduces computational complexity, improves the

optimum achieved.

I Test further dimensionality reduction by eliminating lowest singular values, skewing towards

modes most relevant for islands, mapping from coils to QFM through island chain.

I Dimensionality reduction not only useful for SPEC freeboundary optimizations, but any

direct-from-coils single-stage optimisation.
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➢ G-frame allows GVEC 
to explore unprecendented
configuration space

➢ SIMPLE code evaluates 
𝛼 losses in SQUIDs

➢ SIMSOPT optimizes
coils to remove chaos
using SPEC at 𝛽 > 0 

➢ CIEMAT-QI4X design with
improved surface quality and
resilient divertor island

➢ Topological optimization tools 
guide the control of the divertor 
island in W7-X

➢ SQUID-𝜏 design with improved 
fueling via turbulent pinch

➢ QA hybrid design at  𝛽 > 0  
and compatible with coils

➢ EMC3-Lite quickly predicts the  
heat flux pattern for different 
W7-X configurations

TSVV-i: Stellarator Optimization
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