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SingleStage Example script available in SIMSOPT
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In this example we both a stage 1 and stage 2 optimization problems using the
single stage approach of R. Jorge et al in https://arxiv.org/abs/2302.10622

The objective function in this case is J = J_stagel + coils_objective_weightxJ_stage2 - . . .
To accelerate convergence, a stage 2 optimization is done before the single stage one. Optlmlzatlon for QA, QI, QH In

Rogerio Jorge, April 2023

import os

import numpy as np
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mpidpy import MPI

pathlib import Path

scipy.optimize import minimize

simsopt.util import MpiPartition
simsopt._core.derivative import Derivative
simsopt.mhd import Vmec, QuasisymmetryRatioResidual
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Single Stage Optimization

Stage 1 (Plas

Stage 2 (Colls)

At the same time!




Stage 1 optimizatiogq Magnetic Field Equilibrium (MHD)
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Stage 1 optimizatiogq Magnetic Field Equilibrium (MHD)

Quastaxisymmetry  Quasithelical symmetry Quast
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Stage 1 optimizatiogq Magnetic Field Equilibrium (MHD)

Quastaxisymmetry  Quasithelical symmetry Quast
Isodynamic




Stage 1 optimizatiogq Magnetic Field Equilibrium (MHD)

Aspect Ratio
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Stage 1 optimizatiogq Magnetic Field Equilibrium (MHD)

Quasi-Axisymmetric Example

_ 1 .
060 Q GaaQol ON (g@ﬂﬁ&)wmxv&w(MG+NI)B'VB]>

Sj

Fourier harmonics of |B| in Boozer coordinates [Tesla]

100__ —_—m=0 n=0

] m=1,n=0

:_m=2,n=2 » . .. . . . <

| oS : Equivalent to the minimization of nequasisymmetric
g | — m=0.n=2 @ . Boozer components

] — m=2,n=4 "

m=2,n=-10 e

g LOWI Q waaQoi wiYofa FMer w O

074 m=1,n=4 decomposed leads to only quasiymmetric
Fourier components

10_3_5

0.0 01.2 0i4 0i6 Of8 1.0 8

S=ylyp



Stage 1 optimizatiogq Magnetic Field Equilibrium (MHD)

Rotating Ellipse Example

The boundary varies and the
objective functions vary as well

Loss fraction
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Stage 1 optimizatiogq Magnetic Field Equilibrium (MHD)

Rotating Ellipse Example

Example objective — o/}
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Stage 2 optimizationCoills

Finding cois that reproduce :
Aim for |8  mto achieve:  Include regularization terms to control: given field is an iposed

A Quasisymmetry A Coil curvature problem

A Rotational transform A Coil-to-coil separation

A Particle confinement A Coil length

M.Landreman
Simons 2019

FWechsung
Simons 2022

Coils offset a uniform distance from W7-X plasma:
25cm separation 50cm sepgratj

Simple coils far away from the
plasma are difficult to find
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Stage 2 optimizationCoills
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Stage 2 optimizationCoills

(1) Select half a field period as a surface
Sandco pu |ts normal vector

Squared qu>o &
Mlnlmlze B ndS
on a surface to ensure that “‘
0 6 (vacuum)

(2) Change coils field lines to
align with plasma field lines




How optimization usually goes
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Single stage optimization
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Single stage optimization:

Minimize U 0

Degrees of freedom:

oL Nyr 0. W4y

Next step: compute gradients to feed to the optimizer
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Single stage optimization
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Test the derivatives

Compare stage 2 analytical derivatives wit
respect to e, :hpyy. o . mLfinite differencing
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How to assess the optimization?

1) Superimpos®oincaréplots with VMEC surfaces
2) Use quadratic flux minimizing (QFM) surfaces

Given a set of coils, what is the surface traced
by field lines? e QF M ( Minimize/S



Single stage vacuum optimizatieResults

Stage 1 + Stage 2 Single Stage

- CNHike stellarator (A=3.5)

- 4 colls + quasaxisymmetry

A Standard optimization is

not able to find a solution
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Single stage vacuum optimizatieResults

Stage 1 + Stage 2
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Single stage finite optimization

When a plasma pressure P is preseft——==> J x B = VP
leads to an extra magnetic field

J=VxB
VMEC calculates but we onl '
— y need this component to
the total B = Bplasma + Beoils evaluate the
ratic Fl
Qua(?”iig} )UX /S(BBiot—Savart — Bcoils) -ndS
1 r—r’

Bplasma - E I‘[n(r/) X BI‘(I")] X |I' _ I./| ’

o hiddenSymmetries | virtual-casing

Use the virtual casing principle!
Compute the currents on the virtual surface of a Slng_ular I;erg:eli:sqt_ervallaateci Code O Issues 1 I Pulrequests @ Actions
superconductor surrounding the plasma using the 5! code

&3 virtual-casing  Public

dmalhotra / BIEST
21
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Integrate its surface current densityroK = n x (—Br)

Field just inside the virtual surface



How to assess the optimization?

3 . . o " o ees
; ratic f inirmizing { ; F
3) Use VMEC in free boundary mode

Workflow

1. Perform single-stage optimization

2. Save coils to MAKEGRID format

3. Run XGRID (STELLOPT)

4. Run VMEQfreeboundary (STELLOPT)

5. Comparefixedvs freeboundary

22



Single stage finite optimization- Results

4 coil stellarator with 2%71 on-axis
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Single stage finite beta optimizaticrQA

Single Stage VMEC free boundary
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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

B.n/B
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