Magnetic fields with excellent quasisymmetry
throughout a volume
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Previous quasisymmetric configurations
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Can we get | B| contours to look truly straight if we optimize for only quasisymmetry?



Previous quasisymmetric configurations (s=0.5)
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Previous extremely accurate QS was at high aspect ratio
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Optimization problem

2
.. . 2 1
* Objective functions: £ =(A—A*)2+qu for :(A—A*) +(z*—jozds) + fos
\Boundary aspect ratio

fos = | dx W(s)(%[(zv-zM)BxVB-VW—(MG+N1)B-VB])2

e The usual parameter space: R, , & Z,,, , defining a toroidal boundary
R(6,0)= Y R,,cos(mo—np), Z(6.9)=Y Z,,sin(mo—ng)

e SIMSOPT with VMEC mn m,n

e Cold start

e Vacuum fields, to ease confirmation of surface quality

e Algorithm: default for least-squares in scipy (trust region reflective)

e 6 stages: increasing # of modes varied & VMEC mpol/ntor/ns

e Run many optimizations, pick the best

e Low ftol in vmec helps: 1e-15 - 1le-17
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Straight |B| contours are possible for QH

|B| on flux surfaces of the quasi-helically symmetric field
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Good symmetry also exists with magnetic well
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along a field line for new QA
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along a field line for new QH
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Symmetry-breaking modes can be made extremely small
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|B|in Boozer coordinates was verified by independent SPEC calculations
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SPEC confirms the new QA/QH configurations have no islands or chaos
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Other characteristics of the configurations
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QA & QH both give
rise to concave bean
shapes, even with no
MHD objective.

QA & QH both have
extremely low shear.
Is there a reason?
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A mystery: Why does QA error not depend more strongly on iota?

Minimum fQS found
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Previous quasisymmetric configurations
New quasisymmetric configurations
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Next steps

*At least if turbulence is neglected



The symmetry yields extremely good confinement of collisionless trajectories
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Why does the configuration with best symmetry not have the best trajectory confinement?
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The symmetry also yields extremely low collisional transport for a thermal plasma
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First quick attempt at coils for the QA
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Conclusion: Quasisymmetry can be achieved throughout substantial

volumes to high precision
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Many guestions:

How well can these configurations be produced with practical magnets?

Do similar solutions exist with substantial plasma pressure & bootstrap current?

How close can you come to this confinement with additional MHD stability constraints?
What are the trade-offs for symmetry vs aspect ratio, iota, well depth?

How precisely can you attain omnigenity with poloidally closed B contours?
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Previous quasisymmetric configurations (s=1)
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along a field line for new QA with magnetic well
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Including magnetic well in the QA increases enlongation

With magnetic well target

No magnetic well target
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