Piecewise omnigenous fields: a radically new family

T GOBIERNO  MINISTERIO Ciremat // 5\ E R f

WS *°7  TVesbaoes o, ‘ /) I n

of optimized magnetic fields for stellarator reactors == )i EUROfusio
J. L. Velasco?, I. Calvo!, V. Ferndndez-Pacheco?, E. Sédnchez', A. Alonso!, F.J. Escoto!”, This work has been carried out within the framework of the ~UROfusion Cor
1 sortium, funded by the European Union via the Euratom Research and Training
J M GarCIa Regana R Gaur P Helander F I Parra 1 H ThlenpOndt Programme (Grant Agreement No 101052200 - EUROfusion). Views and opin-
| _ _ . _ _ ions expressed are however those of the author(s) only and do not necessarily
Laboratorio Nacional de FUSIOH, CIEMAT, Madrld, Spaln. reflect those of the European Union or the European Commission. Neither the
QUniverSidad Car/OS l/l, Madrid, Spain. European Union nor the Euro_pean Commission can be held responsible for them.
3 } ) ) A i This research was supported in part by Grants No. PID2021- 123175\NB—|00 and
PrlncetOn U”/VerSlty, USA MaX Plank IPR Grelfswa/d, Gel’many- P1D2024-1555580B-100, funded by Ministerio de Ciencia, Innovacioln y Univer-
5Princet0n Plasma PhySiCS Laborator_y, Princeton, USA. sidades / Agencia Estatal de Investigacioln / 10.13039/501100011033 and by

ERDF/ EU.

1. The stellarator concept as a reactor candidate 4. CIEMAT-pwl: a nearly pwO stellarator configuration

» Lack of inductive current is a solid advantage for a commercial reactor. »> pwO fields implemented in DESC |Fernandez-Pacheco, Master Thesis|.
» Although coil complexity was a challenge, the success of Wendelstein 7- » Goal of the work: push the boundaries of the concept of pwO.
X shows that optimized stellarators with superconductive coils can be built. 1. Select family of B0 as far as possible from omnigenity.
» Since then, major theoretical advances and improved computing tools have 2. Make B, approach B0 on a flux-surface as much as possible.
allowed the optimization of some aspects (e.g. fast-ion confinement) that : Be (1 . o Bea— Bpuo

in W7-X were insufficiently optimized for reactor extrapolation.
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Example: CIEMAT-QI4X,
see [Sanchez (2023) NF; (2024) ISHW;

Palermo, this conference

W7-X and CIEMAT-QI4X: (to different de-

gree) nearly omnigenous magnetic fields.
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3. Equilibria with | B— Bw0!|/ Bpwo < 1% (and likely smaller) can be found.

Ny=5 A=127 k=06.7

2. Omnigenous fields

Omnigenous magnetic fields achieve collisionless confinement of particles
thanks to a very specific on-surface variation of magnetic field
strength, B(0, () [Cary & Shasharina (1997) PRL]. CIEMAT-pwl, with physics proper-

‘ 27 ties compatible with a reactor:

» Mercier MHD stability.
» 4/5 <1< 5/5= no low order rationals, compatible with island divertor.

= = = » Reduced neoclassical transport (e./r < 0.005) and bootstrap current
(ALLCFS 1 1%).
_ » Good fast ion confinement at reactor 8 (> 95% alpha-heating efficiency,
00 N, 9 0 C 9 0 most losses for t > 0.01s).
Properties of sufficiently omnigenous fields: 5. Summary: a new family of stellarators to be explored
» Alpha-particle confinement comparable to tokamaks.
> For bulk species, banana regime instead of deleterious 1/v. » B-contours do not need to be closed in the M6 — N,N( direction = no

clear helicity = vast region of configuration space!

Nevertheless: . . . : :
» Another direction towards which one can optimize, fully compatible with

» Achieving omnigenous B(6, () may complicate coils [Strykowsky (2009)]. main physics criteria for a reactor.

» Choice of omnigenous family constrained by the strategy to deal with
other reactor design criteria (e.g. island divertor).

Poloidal, helical or Confined orbits?
toroidal B-contours?

» Some key aspects of stellarator physics (e.g. turbulence at reactor [3),

insufficiently studied. Straight
B-contours?

3. Piecewise omnigenous fields

Example of pwO field:

» B(0,() = By inside a
parallelogram-shaped region
of the flux-surface.

» B(6,() = B outside.
» , such that corners are con-
nected by field lines.

» Differently to omnigenous fields, several regions / classes of orbits,
but all of them collisionless confined:

> Purple orbits locally see an omnigenous field.

> Orange (and green) see a different omnigenous field. Outlook:
Properties: » Study in detail neoclassical (bulk and fast) transport, turbulence...
» Tokamak-like neoclassical transport. » Optimize with additional/alternative criteria, e.g.:
» If, additionally, the B(6,() = By region has a particular shape, zero > Maximum-.J (turbulence stabilization as in W7-X).

bootstrap current at low collisionality |Calvo (2025) PRE]. > Large magnetic shear (turb. stabilization, helical divertor...).
There exist many more examples of pwO fields [Velasco (2025) NF| to draw » Try a variety of sets of coils.
reactor candidates from. » Explore other families of pwO fields.
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