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About National Institute for Fusion Science

• National Institute for Fusion Science (NIFS) was established in 1989, and has been playing a role 
as one of “Inter-University Research Institutes” for academic research of fusion science in Japan.

• NIFS is also playing a key role as a platform for graduate student education in fusion.
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https://www.nifs.ac.jp/en/access.html

©NIFS

Primary large-scale research platforms in NIFSLocation

Large Helical Device (LHD) Plasma Simulator

https://nsrp.nifs.ac.jp/
Superconducting stellarator

(operation finished in Dec. 2025)

Supercomputer

(The current generation is operated 

jointly by NIFS and QST since 2025)



Planned timeline of the post-LHD devices

“Micro-collective phenomena” of ultra-high temperature plasmas

CHD 

CHD-U 
Construction & commissioning

Operation continues

~2031 -

LHD

R=3.9m, B<3T

R=1m, B=<2T

2026 -

Academic research 
platform

R>~1.5m, B<2T

https://www.mext.go.jp/b_menu/shingi/gijyutu/gijyutu4/toushin/1423056_00026.htm

⇒ Control/manipulation and observation of phase-space dynamics

- 2025 2026 - 2035

“The experiment system that manipulates/controls high-

temperature plasma with high precision and measures its 

microscopic state with world’s highest resolution”
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Experimental Targets and Strategy for CHD-U Design

Phase-space dynamics within reach of 

direct measurement

• Large scale length, low-frequency

• Coherent, single or small number of modes

• High power density, abrupt

Phase-space dynamics critical for reactor 

performance (but difficult to measure in 10 years)

• Multi-scale, cross-scale interaction

• Incoherent, many modes

• Low power density

[Ida et al., Commun. Phyis. (2022)]

[Sugama PRL2005, Watanabe PRL 2008]

⇒ Drive the phenomena using external perturbations with 

enhanced controllability on distribution function.

⇒ Observe the dynamics of fluctuations, flows, and 

transport in various magnetic configurations to identify 

the role and ‘footprints’ of phase-space dynamics.
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⇒3-D flexibility of stellarators

LHD(Rax=3.6m) LHD(Rax=3.75m)

LHD



Toroidal devices for magnetic confinement 

fusion

Magnetic field line
Stellarator/heliotrons

Tokamak

Magnetic surface

B

Toroidal field

Poloidal field

Combination of toroidal & poloidal 
fields is requried to cancel out the 
vertical polarization of plasma due to 
magnetic drifts caused by toroidal 
curvature.

-∇p

j

Force balance:

∇p= j x B
B

Difference is in the methodology 
to generate poloidal field.

(pressure grad.)

(current dens.)
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Field strength variation is strongly 

connected to magnetic surface geometry

Classical stellarator Quasi-helically symmetric Quasi-axisymmetric

Single helicity dominates Toroidicity dominates

(equiv. to a tokamak)

ζ (normalized)

|B|[T] at plasma half radius

B=B(Mθ-Nζ) B=B(θ)θ
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one period

Feb. 25th, 2026

6th Fusion HPC WS, online



Steps/approaches in stellarator optimization

• Optimization by shaping of the boundary magnetic surface

• No coil information at this stage

• Optimization of coils for a target magnetic surface

• Target magnetic surface is fixed

◆ Optimization of coil and magnetic field by coil shaping

• Magnetic field changes with coil shape
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Modern stellarators

• A modern stellarator device is usually designed and constructed targeting a specific magnetic 
configuration that is of primary interest to the research, such as one with quasi-symmetry or quasi-
isodinamicity [1-3] exhibiting good neoclassical and orbit confinement.

• Magnetic configurations that can be generated is usually limited by the external coils to the vicinity of 
the target configuration.

6th Fusion HPC WS, online

[1] Nührenberg J 2010 Plasma Phys. Control. Fusion 52 124003

[2] Mynick H E, Chu T K, and Boozer A H 1982 Phys. Rev. Lett. 48 322 

[3] Landreman M and Catto P J 2012 Phys. Plasmas 19 056013

Typical trapped particle orbits in quasi-symmetric stellarators

Quasi-axisymmetric (QA) Quasi-helically symmetric (QH)
Quasi-poloidal (QP)

Quasi-isodynamic (QI)
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Concept of a “Variable Symmetry Torus” (VAST) 6th Fusion HPC WS, online

✓ Low aspect ratio : Yes/OK.

✓ Toroidal neoclassical viscosity : Minimum.  Large

✓ Bounce-averaged drift : Toroidal  Poloidal

✓ Bootstrap current : Large  Small(er)

✓ Turbulence : An open question.

We chose the combination of 

QA and QP/QI, which has a 

good compativilities and 

contrasts.

QA-QI/QP

Changing coil current

Switching between different magnetic 

configurations under reduced / 

controlled neoclassical transport level.

Feb. 25th, 2026



Concept of a “Variable Symmetry Torus” (VAST) 6th Fusion HPC WS, online

✓ Low aspect ratio : Yes/OK.

✓ Toroidal neoclassical viscosity : Minimum.  Large

✓ Bounce-averaged drift : Toroidal  Poloidal

✓ Bootstrap current : Large  Small(er)

✓ Turbulence : An open question.

We chose the combination of 

QA and QP/QI, which has a 

good compativilities and 

contrasts.

QA-QI/QP

Changing coil current

Switching between different magnetic 

configurations under reduced / 

controlled neoclassical transport level.

Feb. 25th, 2026



Numerical optimizer: 

OPTHECS code

OPTHECS Main code: performs parameter scans with parallel computing & nonlinear 
programing method (Levenberg-Marquadt method/the genetic algorithm)

vacuumf-xs Coil data to vacuum magnetic field by Biot-Savart’s law

mixBFs Summation of the magnetic field from different coils

tracer3 Field-line tracing (core), detection of LCFS and magnetic axis

boundFT Conversion from field point data to magnetic surface surface

VMEC* 3-D MHD equilibrium

gcbooz Guiding-center orbit

nd11-mc Neoclassical diffusion coefficient by Monte-Carlo method

c2cpls Coil and plasma geometry analysis

dvfoot Field-line tracing (edge), field line footprints on vacuum wall

GOSPEL

Boundary-shaping

proxy Field-line curvature, flux surface density, etc.

boozmn2gnet Quasi-symmetry quantification, visualization, etc.

BOOZ_XFORM* Conversion to Boozer coordinate

[*] Codes from STELLOPT 
[https://github.com/Princeton
University/STELLOPT]

Coil data generation from plasma boundary shape

Coil-shaping
(B-spline / 
extended winding law)
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Flow of coil-shaping optimization

Vacuum field Field-line tracing Surface data Free/fixed boudary 

equilibrium

Collisional transport Particle orbit Turbulence

etc.

Feasibility of coils Edge field structure

Vacuum magnetic field MHD equilibrium

Evaluation of objective function

Scans in parallel (MPI + OpenMP)

Nonlinear

programming

Levenberg-Marquardt

or GA
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OPTHECS
Main code
Genetic algorithm/Gradient method (LM)

vacuumf-xs Biot-Savart’s law

mixBFs Summation of B by different coils

tracer3 Field-line tracing (core)

boundFT Conversion from points to surface

VMEC 3-D MHD equilibrium

gcbooz Guiding-center orbit

nd11-mc Mono-energetic neoclassical D11

c2cpls Coil and plasma geometry analysis

dvfoot Field-line tracing (edge)

GOSPEL
External coil finder/optimizer
[H. Yamaguchi et al., NF61(2021)]
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proxy Turbulence-related quantities

boozmn2gnet Data conversion

• Optimizer for Helical Confinement System 

• Boundary-shaping and coil-shaping 
optimization modes are available

• Cubic B-spline curve expression of coil shape is 
available for helical/modular coils

Helical Modular

B-spline curves and control points
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OPTHECS

←------------ MPI parallel ------------→
proc. #0 proc. #1 proc. #N

code 1

code 2

code k

...

thread parallel
←------------→

...

code 1

code 2

code k

...

code 1

code 2

code k

...

thread parallel
←------------→

code 1

code 2

code k

...

thread parallel
←------------→

...

code 1

code 2

code k

...

code 1

code 2

code k

...

...

OPTHECS OPTHECS

Collect scan data

• Optimization requires a large number of scans for different 
configurations. → parallel computing 

• Main code: process-parallelized by Message Passing 
Interface (MPI)

• Physics & engineering codes: thread-parallelized by OpenMP
➔Hybrid-like parallel scan

MPI barrier
• Perform optimization algorithm

Gradient-based or the genetic algorithm
• Create of input files for next step

Parallel run of OPTHECS.



OPTHECS uses B-spline curves for coil trajectory.

Modular Helical

xy

z

z

R


Free-form curve such as B-spline has an advantage in expressing a local section with 

small curvature (almost straight line) when compared to using Fourier modes.
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Procedure of basic coil design 6th Fusion HPC WS, online

1. Designing a QA configuration by flux-surface 

shaping.

2. Optimizing the modular coils for the target QA (the 

GOSPEL code [Yamaguchi+ NF2021] was used.)

3. Introducing auxiliary coils for magnetic flexibility.

4. Optimizing the shape of auxiliary coils and current 

ratio to realize QP/QI-like configurations.

◼ A high-toroidal mirror config. as an initial 

condition.

◼ Reducing neoclassical diffusion and locally-

trapped particle loss by optimization

(Indirect way of improving QI-ness)

Coil shaping Vacuum B-field

VMEC

Coil-shaping-based optimization code OPTHECS
H. Yamaguchi, 23th ISHW, (Warsaw, 2022) 
H. Yamaguchi et al., 29th IAEA FEC (London, 2023)

Modular coils Modular 

+ auxiliary coils

Physics & engineering
metrics: magnetic well, 
iota, coil-to-coil 
distance, etc.
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History of VAST design 6th Fusion HPC WS, online

Feb. 2024Mar.-June 2023

Conceptual study of 

“QA-QI” hybrid

Integrated with

improved QA design
Improving magnetic well

of QI & coil clearances

Basic coil design

almost completed

Dec. 2022 Nov. 2023

Seems possible... Good QA achieved Better MHD achieved Eng. design started

H. Yamaguchi et al., 
29th IAEA FEC (London, 2023)
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Variable Symmetry Torus (VAST): a CHD-U Candidate

175cm

Main modular coils

Poloidal field coils

Inner modular

coilsPlasma

Fundamental specs

Major radius    >=1.5 m

Field strength      1.5 T

Aspect ratio         4

Coil conductor   copper

Pulse length      ~ 1s

Magnetic coils

16 main modular coils

4 inner modular coils

4 saddle loop coils

2 poloidal field coils

Quasi-axisymmetric

(QA)

Quasi-isodynamic-like

high toroidal mirror (QI-like)

VAST has been designed to realize the 

world’s most advanced magnetic flexibility, 

to control the phase-space dynamics, as 

well as to enable comparative study of 

magnetic configuration effects on plasma 

confinement, flow generation, etc.
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Representative Optimized Configurations

Poincare plot of vacuum magnetic field lines

CHD

QA mode

QI-like mode

Rmajor = 1.5 m for QA and 1.37 m for QI-like mode

Normalized minor radius

⇒ Neoclassical loss will be suppressed to 
the level of modern optimized stellarators.
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LHD
(Rax=3.6m)

VAST/QA

VAST/QI-like
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Vacuum magnetic field control 6th Fusion HPC WS, online

𝐵 =෍

𝑚,𝑛

𝐵𝑚,𝑛 cos 𝑚𝜃 − 𝑛𝜁

𝜃 : Boozer poloidal angle

𝜁 : Boozer toroidal angle

Magnetic field strength

• The Fourier components Bm,n are 

calculated from the VMEC 

equilibrium based on the vacuum 

magnetic field.

QI “-like” characteristic

(not a real QI, obviously)

40keV proton orbit for Baxis=1.375T
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Energetic Particle Confinement

⇒ Excellent orbit confinement in the toroidal mirror 
enables us to impose strong perturbation to the 
distribution function by local ECH/NBI.

Proton orbit in the toroidal mirror of QI-like mode

Energetic particles 

trapped in the toroidal 

mirror region

Electron-density perturbation induced by ECH 
at the toroidal mirror (simulation)
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Ion-temperature-gradient (ITG) driven turbulence

R0[m]

QA mode 1.52

QI-like mode 1.37

The flux tube geometry

QA mode

QI-like mode

Simulation conditions

Electrons: adiabatic

• QA and symmetry-breaking-QA modes show the 

same level of energy flux.

• QI-like mode shows smaller energy flux, 

approximately ½ of those of QA and sym. 

breaking-QAmodes. (how smaller depends on 

the choice of flux-tube label)

⮚ Turbulence control under controlled 

neoclassical transport level may be 

plausible.Centered at θ=0, ζ=π/2

Time evolution of energy flux

GKV : [T.-H. Watanabe and H. 

Sugama, Nucl. Fusion 46, 24 

(2006)]

Neoclassical transport 

is at the same level

~2 times different
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Control of Fluctuations: ITG Turbulence

• QI-like mode shows stronger and steady zonal flow structure than QA. 

⮚ Linear GK simulation also shows that zonal flow  decay time is longer in QI-like mode.
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Prospects of CHD-U Experiments and Outcomes

Energetic particles trapped in 

the toroidal mirror region

Electron-density perturbation by ECH Potential fluctuation

Excitation and observation of phase-

space dynamics

Study of fluctuations, flows, and 

transport by utilizing magnetic flexibility

Design principle for high-
performance reactor based on 
phase-space physics.

Experimental evidence of 
phase-space dynamics of 
plasma

Scientific basis

Theory and simulation research is essential for CHD-U: predicting the phase-space structure, 
understanding the experimental results through phase-space dynamics.
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Diagnostic/local heating NB
(<30keV, ~500kW)

EC launch position 1: 
~ 3MW (50/77GHz, 

28/35GHz)

EC launch position 2: 
1MW (50/77GHz)

Heating NB: 1.25MW 
(40keV)

Heating NB: 1.25MW 
(40keV)

Heating Systems (Planned)

Heating NB: 1.25MW  
(40keV)

Tangential 
viewing port

NBI 4.25MW
ECH 5MW

EC launch position 3: 
1MW (50/77GHz)

Toroidal mirror region

• Heating power density is planned 

to be 2.5 times higher than LHD

 ECH ~ 5MW,  77GHz

 NBI ~ 4MW, ~40keV

• Available diagnostic ports after 

installing all above systems

• Horizontal 13/16

• Through-view   8/8

• Tangential        1/4

• + Additional ports

⇒ The heating system is expected to co-
exist with the diagnostic systems. (no 
significant trade-off is seen currently)
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Summary and Future Prospect

• As the crucial part of the preparation for the post-LHD project at NIFS, physics 

and engineering design of CHD-U is underway. 

• Enhanced controllability of plasma through external heating and magnetic field 

is expected in CHD-U to conduct advanced study of phase-space dynamics.

• We are designing a flexible stellarator VAST as a candidate of CHD-U.

• Excellent trapped fast-ion confinement and controllability of micro-turbulence 

under the small neoclassical losses are expected in VAST.

Future Prospect

 Identify phase-space dynamics/structures to measure

 Design of phase-space and fluctuation diagnostic systems
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