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• Why do we need nonlinear MHD models for stellarators?

• Overview of the M3D-C1 code

• Applications of M3D-C1 to stellarators
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Nonlinear MHD in Stellarators
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MHD equilibrium and stability are 
important for stellarators, but challenging!

• Stellarator equilibria are hard to calculate accurately!  In stellarator 
equilibrium codes:
• Magnetic surfaces are typically assumed, often resulting in singular current 

densities and yielding tearing-unstable equilibria;
• Equilibria are not smooth across last closed flux surface and cannot 

include divertor pressure gradients;
• Pressure profiles are typically prescribed.  No tools in routine use for self-

consistently calculating kinetic profiles and magnetic fields.

• Pressure limits in stellarators are often set by MHD stability 
thresholds
• Crossing an MHD threshold will break symmetries or surfaces, potentially 

leading to significantly enhanced transport

• MHD modes can significantly degrade confinement of fusion alphas

• There are examples of MHD-driven crashes in stellarators
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Ohdachi, et al.  Contrib. 
Plasma Phys. 50 552 (2010)

https://euro-fusion.org/member-news/w7-x-upgrading/
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Nonlinear MHD analysis addresses these challenges

• Linear MHD stability analysis is useful but not sufficient
• Linear MHD stability is an incomplete and (often) pessimistic constraint
• The fastest-growing eigenmode is not always the most dangerous one
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Wright and Ferraro, Phys. Plasmas 
31 102509 (2024)

• Nonlinear resistive MHD can address many of these 
challenges

• Does not assume or require closed magnetic 
surfaces

• Obtains equilibria with self-consistent sources and 
pressure profiles (including regions of chaotic 
magnetic fields)

• Tells us the saturated amplitude of MHD instabilities

• Nonlinear MHD codes for stellarators are hard to 
develop and computationally expensive
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M3D-C1 Overview
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M3D-C1 overview

• M3D-C1 is an extended-MHD code used for 
studying macroscopic stability in fusion 
plasmas
• Similar to JOREK and NIMROD

• Includes models for conducting structures 
(“resistive walls”), impurity ionization and 
radiation, runaway electrons, and a PIC model 
for kinetic species

• Used extensively for modeling sawteeth, ELMs, 
disruptions, and now stellarators

• Now open source (as of Sep. 18)!
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Kleiner et al. Nucl. Fusion 65 026015 (2025)
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Extended-MHD model in M3D-C1

• In general, M3D-C1 implements a comprehensive two-fluid, two-temperature MHD model of the plasma that 
can include impurities and sources.

• Most of this physics model carries over directly to the stellarator version with no/little modification.  Some 
modules (e.g. impurities and two-fluid terms) have not yet been tested in stellarator geometry

• Resistive wall capability is not yet available in the stellarator version

𝜕𝑛

𝜕𝑡
+ ∇ ∙ 𝑛 𝐮 = 𝜎 + ∇ ⋅ 𝐷∇𝑛

𝜌
𝜕𝐮

𝜕𝑡
+ 𝐮 ∙ ∇𝐮 = 𝐉 × 𝐁 − ∇𝑝 − ∇ ∙ Π

𝑛
𝜕𝑇𝑒
𝜕𝑡

+ 𝐮 ∙ ∇𝑇𝑒 + Γ − 1 𝑇𝑒∇ ∙ 𝐮 + 𝜎 𝑇𝑒 = (Γ − 1) 𝑄𝑒 +𝑄𝑟𝑎𝑑 + 𝑄Δ + ∇ ∙ 𝐪𝑒 + 𝜂 𝐉 ⋅ (𝐉 − 𝐉𝑥)

𝑛
𝜕𝑇𝑖
𝜕𝑡

+ 𝐮 ∙ ∇𝑇𝑖 + Γ − 1 𝑇𝑖∇ ∙ 𝐮 + 𝜎 𝑇𝑖 = (Γ − 1) 𝑄𝑖 −𝑄Δ + ∇ ∙ 𝐪𝑖 +Π𝑖: ∇𝐮

𝜕𝐁

𝜕𝑡
= ∇ × 𝐮 × 𝐁− 𝜂(𝐉 − 𝐉𝑥)
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𝐉𝑥 is a current drive or bootstrap 

current source
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Stellarators require non-axisymmetric mesh

• A non-axisymmetric mesh is preferable for 
stellarator applications
• Axisymmetric mesh requires coils inside the 

domain
• Axisymmetric mesh would waste resolution
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Zhou et al Nucl. 
Fusion 61 086015 (2021)

• The 𝐶1 elements used in M3D-C1 are tensor products 
• Poloidal plane: reduced quintic triangular (2D) elements
• Toroidal direction: cubic Hermite (1D) elements
• Element must be extended in the toroidal direction, can’t be at an angle

• 𝐶1 elements are defined in a logical coordinate system 𝑥, 𝑦, 𝜑 which is 
then mapped to the non-axisymmetric physical domain in (𝑅, 𝜑, 𝑍)
coordinates
• Mappings 𝑅(𝑥, 𝑦, 𝜑) and 𝑍 𝑥, 𝑦, 𝜑 are themselves defined on the finite element 

basis (and are therefore 𝐶1)
• This mapping is typically based on VMEC geometry, but this is not required.  

Domain boundary can be far outside of VMEC boundary, only limited by coils.
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Practical aspects of running M3D-C1 for stellarators

• Typically initialized using VMEC equilibrium.  Can also be initialized using HINT or MGRID 
files.

• To move the M3D-C1 domain boundary beyond the VMEC boundary, a description of the 
fields everywhere in the M3D-C1 domain is needed (e.g. MGRID or FIELDLINES)

• Can run in full-torus or single field-period mode

• Nonlinear simulations can take anywhere from 100 node-hours (Alfvén-timescale MHD 
evolution at modest resolution) to 10,000 node-hours (transport-timescale evolution at high 
resolution)

• We find quasihelical configurations considerably harder to simulate than QA or QI 
configurations
• Likely has to do with preconditioning strategy, which is optimized for axisymmetric 

configurations
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Application of M3D-C1 to 
Stellarators
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Linear stability capability in M3D-C1
• M3D-C1 is an initial value code.  Linear stability is determined by time-

advancing the linearized equations until the fastest-growing eigenmode is 
dominant.

• Previously (for tokamaks), the linear model assumed an axisymmetric 
equilibrium.  Eigenfunctions are complex-valued 2D fields with exp(𝑖 𝑛 𝜑)
toroidal dependence

• With stellarators, both equilibrium and eigenfunction are fully 3D and 
discretized on a 3D mesh

• Not using Fourier decomposition or mode families

• No assumption of stellarator symmetry

• Linear stability calculations are much faster than nonlinear calculations 
(~hours versus days/weeks)

• Linear analysis can tell us when there is an instability, but not what 
happens when there is an instability.
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Ballooning mode eigenfunction 
in high-beta NCSX equilibrium

𝜑 = 0∘

𝜑 = 60∘
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Current-driven instabilities in W7-X
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• In W7-X, “sawtooth” instabilities are found 
when ECCD is applied near the magnetic axis

• Between large (“type A”) crashes are smaller 
(“type B”) crashes

• “Type A” crashes lead to flattening of the core 
𝑇𝑒 profile

• M3D-C1 has been used extensively for 
modeling sawteeth in tokamaks – this looked 
like a good test case
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t (s)
16 17

Zanini et al Nucl. Fusion 60 106021 (2020)

Type A Type B



Current-driven instabilities in W7-X

• Nonlinear simulations were performed with M3D-C1 

including a model for the current drive

• The current drive source leads to a reversed-shear 

profile with two 𝜄 = 1 surfaces.
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Zhou, Aleynikova, Ferraro. Phys. 
Plasmas 30, 032503 (2023)
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Zanini et al Nucl. 
Fusion 60 106021 (2020)

• Τ𝑛 𝑚 = Τ1 1 instabilities develop 

at both 𝜄 = 1 surfaces: first a 

small crash associated with the 

inner surface, then a large 

crash associated with the outer 

surface



MHD-induced beta limits in W7-X

• M3D-C1 initialized with various W7-X equilibria:

• “EIM” optimized equilibria with 𝛽 ~ 4.9 − 6.0%, 

sheared 𝜄

• “TEH” equilibrium with with 𝛽 ~ 1%, flat 𝜄 ≈ 4/5

• All equilibria are found to be unstable

• EIM are unstable to high-n ballooning modes, driven 

by large pressure gradients

• TEH is unstable to low-n interchange modes, driven by 

pressure gradients at rational surface with low shear
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Zhou, Aleynikova, Liu, Ferraro. 
Phys. Rev. Lett. 133, 135102 (2024)

TEH (p)

TEH (𝜄)

EIM (p)

EIM (𝜄)
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Interchange leads to pressure flattening

• EIM (high-beta): The high-𝑛 ballooning modes 
saturate at low amplitude, causing minor 
changes to profiles

• TEH (low-beta): The interchange modes grow 
to very large amplitude, flattening the 
pressure profile

• Conclusion: interchange stability is a far 
stronger constraint on pressure than 
ballooning modes

• Corollary: avoid low magnetic shear near low-
order rational surfaces!
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Zhou, Aleynikova, Liu, Ferraro. 
Phys. Rev. Lett. 133, 135102 (2024)

Final pressure 

normalized to initial 

𝑝0

EIM

TEH

EIM

TEH
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Interchange modes in optimized QA equilibria

• The optimized QA 𝛽 = 2.5% equilibrium of 

Landreman, Buller, Drevlak (2022) was considered

• Mercier stability was not considered in this 

optimization

• Nonlinear M3D-C1 simulations show strong 

interchange modes rapidly degrade confinement

• Due to 𝜄 ~ 1 with very weak shear

• Bootstrap current is not included in the MHD 

model here.  However, these MHD instabilities are 

much faster than the current redistribution time.
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Wright and Ferraro.  Phys. Plasmas 31, 082509 (2024)
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MHD-induced beta limits in LHD

• Full-torus nonlinear M3D-C1 simulations were 
run for LHD equilibria, starting from vacuum 
fields, with a strong heat source

• At high 𝛽, the onset of core MHD leads to 
small “crashes” due to surface break-up

• Fast transitions to new equilibrium

• Confinement degrades as 𝛽 increases, but no 
“hard” 𝛽 limit is found.  

• i.e., more injected power always yields higher 𝛽

• Observing large crashes could require moving 
wall farther out
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Wright and Ferraro, Phys. Plasmas 31, 102509 (2024)
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New Developments
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PIC kinetic particle model

• A PIC kinetic particle model is implemented in M3D-C1 [Liu et 

al. Comp. Phys. Comm. 275 108313 (2022)]

• Makes efficient use of GPUs

• This model has been applied to a number of phenomena in 

tokamaks, including:

• Fast ion / MHD interaction

• Impact of kinetic thermal ions on core MHD

• Runaway electron / MHD interaction [Liu et al. Phys. Rev. Lett. 

131, 085102 (2023)]

• This model has recently been extended to work in stellarators

• Still needs more verification and testing
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Liu et al. J. Plasma Phys. 88
905880610 (2022)
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Bootstrap current

• The bootstrap current is a plasma current driven by 
collisions between trapped and passing particles
• It is fundamentally kinetic, and not captured by fluid 

models
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Ware, et al. Fusion Sci. & Tech. 50
236 (2006)

Landreman, Buller, Drevlak.  
Phys. Plasmas 29 082501 (2022)

BT = 5.86 T
IP = 2.7 MA

• In quasisymmetric
configurations, bootstrap 
current can significantly 
affect the geometry and 
stability of the equilibrium

• It is essential to include 
bootstrap current when 
modeling the equilibrium 
of QS configurations
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Sauter & Redl models for bootstrap current are 
implemented

• The Sauter model is a convenient and fast way to calculate the bootstrap current 
in axisymmetric configurations:

𝐽𝑏 ⋅ 𝐵 = −𝐹 𝜓 ℒ31
𝜕 ln 𝑝

𝜕𝜓
+ 𝑝𝑒ℒ32

𝜕 ln 𝑇𝑒
𝜕𝜓

+ 𝑝𝑖ℒ34𝛼
𝜕 ln 𝑇𝑖
𝜕𝜓

• The coefficients ℒ3𝑥 and 𝛼 are functions of collisionality 𝜈∗ and trapped fraction 
𝑓𝑡𝑟𝑎𝑝, and include free parameters that were fit to drift-kinetic simulations

• The Redl model is similar, with updated coefficients to better fit drift-kinetic 
simulations over a wider range of conditions

• There are two challenges with implementing this model in an MHD simulation of 
a stellarator
• It assumes axisymmetry

• It assumes good flux surfaces (otherwise ⋅ and 𝜓 are meaningless)
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Landreman, Buller, and Drevlak showed that the Redl model 

𝐽𝑏 ⋅ 𝐵 = −𝐹 𝜓 𝑝 ℒ31
𝜕 ln 𝑛

𝜕𝜓
+ 𝑝𝑒 ℒ31 + ℒ32

𝜕 ln 𝑇𝑒
𝜕𝜓

+ 𝑝𝑖 ℒ31 + ℒ34 𝛼
𝜕 ln 𝑇𝑖
𝜕𝜓

can be translated to a quasisymmetric configuration: 

𝐽𝑏 ⋅ 𝐵 = −
𝐺 Ψ + 𝑁 𝐼 Ψ

𝜄 Ψ − 𝑁
𝑝ℒ31

𝜕 ln 𝑛

𝜕Ψ
+ 𝑝𝑒 ℒ31 + ℒ32

𝜕 ln 𝑇𝑒
𝜕Ψ

+ 𝑝𝑖 ℒ31 + ℒ34 𝛼
𝜕 ln 𝑇𝑖
𝜕Ψ

where 
Ψ is the toroidal flux 
𝜄 is the rotational transform
𝐺 ∝ the poloidal current encircled by the surface,
𝐼 ∝ the toroidal current enclosed by the surface, 
𝑁 is the periodicity of |𝐵| (𝑁 = 0 for QA, 𝑁 ≠ 0 for QH).

Isomorphism translates from axisymmetric to 
quasisymmetric geometry
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𝐼 Ψ

𝐺 Ψ
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Using 𝑇𝑒 as the radial coordinate ensures good surfaces*

• Due to strongly anisotropic thermal transport, contours of 
constant 𝑇𝑒 are approximately magnetic surfaces

• * We are guaranteed good surfaces as long as 𝑇𝑒 remains 
monotonic

• Instead of using Ψ as the radial coordinate, we use 
෠𝑇𝑒 = 1− 𝑇𝑒/max(𝑇𝑒)
• ෠𝑇𝑒 is analogous to normalized 𝜓

• We still need to know 𝑑 ෠𝑇𝑒/𝑑Ψ, 𝜄(෠𝑇𝑒), 𝐺(෠𝑇𝑒), 𝐼 ෠𝑇𝑒 , 𝑓𝑡𝑟𝑎𝑝 which 
are properties of the flux surfaces that cannot be (easily) 
calculated by M3D-C1
• Presently, we calculate these profiles “offline” periodically
• We prefer ෠𝑇𝑒 rather than 𝑇𝑒 because ෠𝑇𝑒 doesn’t move much in 

space when we heat or cool the plasma (and so 𝜄( ෠𝑇𝑒), 𝐺(෠𝑇𝑒), 
𝐼 ෠𝑇𝑒 , etc. don’t change much either)

NM Ferraro - EFTC - Sept. 26, 2025

Isotherms in NCSX equilibrium, 
calculated by Fusion-IO from M3D-
C1 data
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Bootstrap model has been implemented and tested

• Good agreement found axisymmetric and QA equilibrium test cases
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Tokamak test case from Belli & Candy 
(2008), Landreman (2014), and Hager & 
Chang (2016)

Optimized QA case from Landreman, 
Buller, Drevlak (2022)

Figures from Saxena, et al. Submitted to J. Plasma Phys. (2025)
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Dynamical stellarator cases with bootstrap current
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• The nonlinear MHD stability of 
the optimized QA case was 
considered in Wright & Ferraro 
(2024), without bootstrap 
model

• Revisited by Saxena with 
bootstrap model included

• Still unstable

• Quantitative, but not 
qualitative changes

Saxena, et al. Submitted to J. Plasma Phys. (2025)

26



Applicability of BC model as plasma evolves

• For unstable equilibria, the model breaks down as the plasma evolves

• The equilibrium deviates from quasisymmetry, invalidating one assumption

• Magnetic surfaces may break up or otherwise deviate from 𝑇𝑒 isosurfaces
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• When we periodically re-calculate the surface-averaged 
quantities, we quantify

• The deviation of the surfaces from quasisymmetry
[Landreman & Paul (2022)]

𝐹𝑄𝑆 =
1

𝐵3 𝑁 − 𝜄 𝑩 × ∇𝐵 ⋅ ∇𝜓 − 𝐺 +𝑁 𝐼 𝑩 ⋅ ∇B

2

• The RMS magnetic flux passing through each 𝑇𝑒
isosurface

• We can write a VMEC file using the isosurfaces, which 
lets us evaluate bootstrap current with SFINCS

Saxena, et al. Submitted to J. Plasma Phys. 
(2025)
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Opportunities (stuff we should be doing, but aren’t)

• Stellarator divertors
• M3D-C1 can handle arbitrary magnetic geometry, including island and non-resonant divertor concepts
• Opportunities: mapping heat fluxes, modeling self-consistent equilibria with pressure gradients in chaotic / 

island divertors
• Some important edge physics is missing (sheath-limited fluxes, neutrals)

• Fast ion confinement / kinetic physics
• There aren’t many codes that can handle nonlinear MHD and energetic particles in stellarators.  FAR3D (core 

gyrofluid), MEGA (explicit, finite-difference)
• Kinetic ions (both fast and thermal) are stabilizing to core interchange modes.  Will this significantly affect 

beta limits?

• Equilibrium sensitivity
• We are now able to precisely optimize equilibria in theory, but in reality pressure profiles and magnetic field 

errors will break assumptions.  How do we gauge robustness?

• Stellarator “disruptions”
• All magnetic confinement concepts have stored energy and current density (𝐉 × 𝐁 = ∇𝑝).  When confinement 

is lost, what/where are the forces and heat fluxes?
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Summary
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Summary

• M3D-C1 is a uniquely capable tool for nonlinear MHD in strongly-shaped configurations
• JOREK has also recently been applied to similar problems.   NIMROD capability (NIMSTELL) is in progress.

• Nonlinear MHD simulations successfully describe experimental phenomena such as the 
“sawtooth” behavior in W7-X, and provide estimates for 𝛽 limits in existing and planned 
configurations.

• Ballooning modes are found to saturate at low levels causing only modest confinement 
degradation.  Interchange modes lead to dramatic reductions in confinement.

• Linear MHD is not sufficient to determine beta limits, but can be a useful metric for optimization
• Don’t worry too much about ballooning modes; avoid interchange modes
• A fast-growing ballooning mode could “hide” a slower-growing interchange in linear analysis

• Bootstrap current model for quasisymmetric configurations is now implemented and tested

• Nonlinear MHD tools have opened a new frontier for understanding and predicting stellarators!
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Extra Slides
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Model is verified by comparing to axisymmetric mesh

• A force-free free (∇𝑝 = 0) rotating ellipse equilibrium was initialized 
inside an axisymmetric mesh and a conformal non-axisymmetric 
mesh

• A strong heat source was applied on axis.  This raised the pressure 
until the onset of interchange modes.

• The solution converged to the same result in both meshes, verifying 
the implementation of the non-axisymmetric mapping
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Non-axisymmetric mesh

Axisymmetric mesh

Axisymmetric mesh

Non-axisymmetric mesh Zhou et al. Nucl. 
Fusion 61 086015 (2021)

• The non-axisymmetric 
mesh required significantly 
lower resolution than the 
axisymmetric mesh to 
obtain the same accuracy
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Pressure peaking affects MHD 
transport

• Starting from the EIM 𝛽 = 5.4% case, the 
equilibrium was recalculated with a more 
peaked profile.

• The “peaked” case has 𝛽 = 4.0% and 𝜄
crosses 5/6.

• Both cases are unstable to ballooning 
modes

• Despite having a lower 𝛽, the “peaked” 
case suffers more transport
• The flattening appears to be associated 

with the 𝜄 = 6/5 surface
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Zhou, et al.  IAEA-FEC Synopsis (2025)
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Fusion-IO tools for stellarator analysis

• Fusion-IO provides functionalized access to data from MHD 
codes, including M3D-C1

• Fusion-IO has been used to interface M3D-C1 with many other 
codes
• NEO, XGC, HEAT/MAFOT, TRIP3D, various synthetic diagnostics

• Fusion-IO was recently updated to read data from non-
axisymmetric M3D-C1 meshes

NM Ferraro - EFTC - Sept. 26, 2025

• For interfaces with neoclassical codes (NEO, SFINCS), Fusion-IO implements a few capabilities:
• Calculation of approximate magnetic surfaces by finding 𝑇𝑒 isotherms
• Calculation of 𝑑𝜓/𝑑𝑇𝑒 for constructing local flux coordinate systems that can be used by 

neoclassical codes

• All of these tools will carry over to other codes (e.g. NIMROD, JOREK, HINT, MEGA) by 
implementing modules to read data from those codes in Fusion-IO

Isotherms in NCSX equilibrium, 
calculated by Fusion-IO from M3D-C1 data
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Toroidal Discretization Yields Block—Tridiagonal 
Matrix

• Diagonal block are factored directly 
using SuperLU or MUMPS (block-
Jacobi preconditioning); 
preconditioned matrix is solved using 
GMRES

• Interface to solvers is through PETSc
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• C1 Hermite Cubic elements in toroidal direction
• Allows toroidal mesh packing

• Each plane yields a diagonal block
• Only neighboring planes are coupled → block tri-diagonal 

structure
• Coupling is much stronger within planes than among planes 

(block diagonal dominant)
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