
4th E-TASC Scientific Board
Monitoring of ENR-MOD 2021 activities

Energetic particle optimization of stellarator devices using

near-axis magnetic fields

ENR-MOD.01.IST-T001

Team: Rogerio Jorge, Paulo Rodrigues, Jorge Ferreira, António Figueiredo, Rui Coelho

IST - Instituto Superior Técnico, Universidade de Lisboa, Portugal

November 26, 2021



1

Outline
q Motivation

q Objectives

q Tasks

q 2022 Plan

q Preliminary Results

q Deliverables for 2022

q Possible Revisions for 2022



2

Motivation

Why some stellarators confine particles better than others?

How to increase the performance of optimized stellarators?

Can we survey the phase-space of possible stellarator shapes?
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Objectives

Find reactor relevant stellarator shapes in a reliable and efficient manner

• Use the near-axis expansion to get a stellarator shape (~1 ms)

• Obtain particle confinement using particle tracer codes (~10 s)

• Optimize in the space of near-axis configurations (~10 min)
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The near-axis expansion

Solve ideal MHD equations for small 𝜖 = 𝑎/𝑅

a
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[R. Jorge et al, JPP 86 (2020)]
Direct approach

[M. Landreman et al, JPP 86 (2018)]
Inverse approach
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Every quasisymmetric design available

Field Plasma ◆ from
Aspect periods pressure optimized ◆ from Best-fit

Configuration ratio A nfp � configuration construction ⌘ [m
�1

] B0 [T]

NZ1988 12 6 0% 1.42 1.42 0.157 0.205

HSX 10 4 0% 1.05 1.06 1.28 1.00

KuQHS48 8.1 4 4% 1.29 1.27 0.147 1.20

WISTELL-A 6.7 4 3% 1.09 1.03 0.791 2.54

Drevlak 8.6 5 4% 1.50 1.50 0.0899 3.97

NCSX 4.4 3 4% 0.392 0.409 0.408 1.55

ARIES-CS 4.5 3 4% 0.412 0.498 0.0740 5.69

QAS2 2.6 2 3% 0.260 0.267 0.347 1.79

ESTELL 5.3 2 0% 0.202 0.202 0.570 1.00

CFQS 4.3 2 0% 0.382 0.515 0.586 0.933

Henneberg 3.4 2 3% 0.317 0.314 0.302 2.41

Table 1: Quasisymmetric configurations considered in this study.

1

Jorge & Landreman, Plasma Phys. Control. Fusion 63 (2021)

• Construct a near-axis representation for each design

• Compare VMEC configuration and near-axis construction
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Tasks 2022

Solve guiding-center equations in several geometries (analytical/numerical):

• Near-axis direct approach (Mercier)

• Near-axis indirect approach (Garren-Boozer)

• VMEC

• Helena (benchmarking)

WP1 – Particle Tracer Code for Arbitrary Geometries

• Numerical and analytical metrics for fast-particle confinement

• Integration with SIMSOPT

WP2 – Measure and Optimize Confinement
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Tasks 2023

Find optimized designs (not necessarily quasisymmetric or 

quasi-isodynamic) using a SIMSOPT based optimization

WP3 – Optimized Stellarator Equilibria

Study the viability of using the parameter 𝚪𝐜 as a cost function in 

fast-particle confinement stellarator studies 

WP4 – Physics Study of Nemov’s 𝚪𝐜 criterion

Using SPEC or VMEC, study particle orbits in coil-based optimized stellarators

WP5 – Orbits in Free-Boundary Magnetic Fields
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2022 plan – Particle Tracing

Solve guiding-center equations of motion in a general coordinate system

P. Rodrigues, github.com/prodrigs/gyronimo

Test near axis direct approach, indirect, VMEC, SPEC, Bio—Savart, etc…
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2022 plan

C++ Library with documentation on GitHub

Python interface with near-axis expansion coordinates

C++ interface with VMEC equilibria

Benchmark with other particle tracer codes such as BEAMS3D

WP1

Analytical/numerical objective function to measure fast particle confinement 

Python interface with SIMSOPT/STELLOPT

WP2
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Preliminary Results

Second order near-axis geometry

Quasi-axisymmetric design 
of [1], section 5.2

Quasi-helically symmetric 
design of [1], section 5.4

[1] Landreman & Sengupta (2019), 85(6), JPP
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Preliminary Results

C++ Library with documentation on GitHub

Python interface with near-axis expansion coordinates

C++ interface with VMEC equilibria

Benchmark with other particle tracer codes such as BEAMS3D

WP1

Analytical/numerical objective function to measure fast particle confinement 

Python interface with SIMSOPT/STELLOPT

WP2
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Preliminary Results

C++ Library with documentation on GitHub

Python interface with near-axis expansion coordinates

C++ interface with VMEC equilibria

Benchmark with other particle tracer codes such as BEAMS3D

WP1

Analytical/numerical objective function to measure fast particle confinement 

Python interface with SIMSOPT/STELLOPT

WP2

Work by Paulo Rodrigues, IST
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Preliminary Results

C++ Library with documentation on GitHub

Python interface with near-axis expansion coordinates

C++ interface with VMEC equilibria

Benchmark with other particle tracer codes such as BEAMS3D

WP1

WP2

PYBIND11: Seamless creation of Python bindings to C++ code

• Straight interfacing of gyronimo C++ libraries in Python
• Easy to connect with other stellarator codes 
• Orchestrating multiple particle tracing
• Post-processing and plotting
• Lightweight

Python – Slower, easy to read, write and plot data
C++ – Faster, core of the code, solves the equations

In other words…



14

Preliminary Results

C++ Library with documentation on GitHub

Python interface with near-axis expansion coordinates

C++ interface with VMEC equilibria

Benchmark with other particle tracer codes such as BEAMS3D

WP1

Analytical/numerical objective function to measure fast particle confinement 

Python interface with SIMSOPT/STELLOPT

WP2

C++ Python
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Preliminary Results

C++ Library with documentation on GitHub

Python interface with near-axis expansion coordinates

C++ interface with VMEC equilibria

Benchmark with other particle tracer codes such as BEAMS3D

WP1

Analytical/numerical objective function to measure fast particle confinement 

Python interface with SIMSOPT/STELLOPT

WP2

Python
Able to model QA (NCSX), QH (HSX) and QI (W7-X) stellarators

• QA and QH stellarators conserve canonical angular momentum

<latexit sha1_base64="hIJ32MEMw18GImKviWH3K01IYCU=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJVYKAmqgLGChQkViT6kJqoc122tOnFk3wBV2i9g4VdYGECIlZmNv8F9DNByJEtH59yr63OCWHANjvNtLSwuLa+sZtay6xubW9v2zm5Vy0RRVqFSSFUPiGaCR6wCHASrx4qRMBCsFvQuR37tjinNZXQL/Zj5IelEvM0pASM17bwH7AFSqQIO+J63oDv0YiVjkNg9HnhcAjm6HjTtnFNwxsDzxJ2SHJqi3LS/vJakScgioIJo3XCdGPyUKOBUsGHWSzSLCe2RDmsYGpGQaT8dxxnivFFauC2VeRHgsfp7IyWh1v0wMJMhga6e9Ubif14jgfa5n/IoToBFdHKonQhswo66wS2uGAXRN4RQxc1fMe0SRSiYBrOmBHc28jypnhTc00LxppgrXUzryKB9dIAOkYvOUAldoTKqIIoe0TN6RW/Wk/VivVsfk9EFa7qzh/7A+vwB27icmw==</latexit>

orbit width / 1/|◆�N |

• QI stellarators do not conserve canonical angular momentum, but estimates are possible
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Preliminary Results

C++ Library with documentation on GitHub

Python interface with near-axis expansion coordinates

C++ interface with VMEC equilibria

Benchmark with other particle tracer codes such as BEAMS3D

WP1

Analytical/numerical objective function to measure fast particle confinement 

Python interface with SIMSOPT/STELLOPT

WP2

QH Stellarator
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Preliminary Results

C++ Library with documentation on GitHub

Python interface with near-axis expansion coordinates

C++ interface with VMEC equilibria

Benchmark with other particle tracer codes such as BEAMS3D

WP1

Analytical/numerical objective function to measure fast particle confinement 

Python interface with SIMSOPT/STELLOPT

WP2

QA Stellarator
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Preliminary Results

C++ Library with documentation on GitHub

Python interface with near-axis expansion coordinates

C++ interface with VMEC equilibria

Benchmark with other particle tracer codes such as BEAMS3D

WP1

Analytical/numerical objective function to measure fast particle confinement 

Python interface with SIMSOPT/STELLOPT

WP2

QI Stellarator
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Preliminary Results

C++ Library with documentation on GitHub

Python interface with near-axis expansion coordinates

C++ interface with VMEC equilibria

Benchmark with other particle tracer codes such as BEAMS3D

WP1

Analytical/numerical objective function to measure fast particle confinement 

Python interface with SIMSOPT/STELLOPT

WP2
Need to extend 
to 105 particles
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Preliminary Results

Analytical/numerical objective function to measure fast particle confinement 

Python interface with SIMSOPT/STELLOPT

WP2

SIMSOPT requires a get_dofs and a set_dofs function In pyQSC

https://github.com/rogeriojorge/NearAxis_Optimization

Full script in
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Deliverables for 2022

• Gyronimo oriented study – convergence and verification studies

• Orbit differences between different optimized stellarators

Scientific publications

• EPS 2022

• Varenna 2022

Conference presentations

• Gyronimo (github.com/prodrigs/gyronimo)

• Extensive documentation and CI/CD

New open-source code
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Possible Revisions for 2022

Original proposal accounted for both OpenMP and CUDA in the first year

In the first year, only OpenMP may be implemented

Additional code development in 2023

Parallelization

Original proposal only had studies with coils at the end of the project

Magnetic fields from Biot-Savart projected to be added in mid-2022

However, realistic coil simulations only in 2023

Orbits within coils


