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Introduction: CDC event observed in LHD
In Large Helical Device (LHD), super dense core (SDC)

discharges can be achieved in “outward shifted” 

configurations, RaxV ⩾ 3.75 m, by means of consecutive 

pellet injection [1]. 

[1] Ohyabu N, et al., 2006 Phys. Rev. Lett. 97(5) 055002

[2] Yamada H, et al., 2007 Plasma Physics and Controlled Fusion 49 B487

[3]Ohdachi S, et al., 2010, Contributions to Plasma Physics 50 552–557
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Figure 1: Diagram of plasma regions in SDC discharges [1]
The increase in axis beta is limited by an MHD 

instability referred to as the core density collapse

(CDC) event [2], where: 

● Pressure and density suffer a drop in the core, 

and the peak shifts inwards

● Temperature is practically unaffected in core

● Pressure, density and temperature grow in the 

edge, flushing outwards

In the precursor phase, oscillations at the outside edge 

of plasma were observed, which are consistent with the 

prediction of ballooning modes [3].

Figure 2: central density and central electron and ion 

temperature evolution of plasma with IDB [2] 
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3D equilibrium by HINT code

The 3D equilibrium of LHD discharge where CDC event is observed is built using HINT code [4]. HINT code is a 3D MHD 

equilibrium code which considers stochastic region of the magnetic field and magnetic islands. The equilibrium configuration is:

[4]  Suzuki et al., 2006 Nuclear Fusion 46 L19

Figure 5: Poincaré plot of vacuum (blue) and β0 = 4% equilibrium generated by HINT. 

LCFS pointed by vertical lines.

Figure 6: Radial profiles of β0= 4% equilibrium generated 

by HINT
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SDC LHD config. 3D HINT equilibrium

Rax,V ⩾ 3.75 m 3.85 m

Bax > 2.0 T 2.77 T

P, ρ Peaked (steep gradients) 

Te < 1 keV T ∝ T0(1-𝚽8) (1-𝚽2),   Ti ≅ Te

β High 4%   〈β⟩ ~ 1%
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MIPS code

[5] Todo Y, et al., 2010 Plasma and Fusion Research 5 S2062–S2062

[6] S. Futatani et al., 2019 Plasma Phys. Control. Fusion 61 095014 (6pp)

MIPS is a 3D non-linear MHD code developed by Y. Todo [5] which can solve arbitrary plasma geometries. 

MIPS properties

Spatial derivatives 4th order centered difference method

Time Integration 4th order explicit Runge-Kutta

Convection terms 3rd order Upwind Scheme term for stability

Physics model Single fluid, extended MHD (non-linear)

Parallelization MPI and OpenMP

Figure 7: Pellet cloud profile at maximum ablation in LHD [6]

Figure 8: Evolution of pressure profile of LHD plasma where ballooning 

modes are present. 

(Used plasma parameters are exaggerated for clear visuality. 



MIPS model, methodology and benchmark

New 3D non-linear non-adiabatic MHD model has been 

extended in MIPS code [5]. The extension modified:

● From solving evolution of ⍴, ⍴v, P  → to n, ⍴v, T

● Arbitral initial ⍴ plasma profile → constructed initial 

n,T profile

● Inclusion of anisotropic effects of heat conductivity

● Diffusion terms → 

● Viscous term: 

● Plasma parameters have dependence with T: 

● Inclusion of particle, momentum and heat sources: 

Sn, S⍴v , ST . In the study, Sn, S⍴v , ST = 0. 8



MIPS model, methodology and benchmark

Figure 9: comparison of kinetic energy evolution of models

Figure 10: Contour plot of pressure of models at same time 9

Benchmark

Resolution (R,ϕ,Z) = (256,1232,256)

Time step dt = 1.62 ns

Parameters D⊥ = 100 m2s−1,    

𝜈0 = 10 m2s−1,           (uniform)

η0 = 1.0 ×10−3 Ωm,   (uniform)

χ⊥ = 100 m2s−1,      

χ∥ = 1.0×103 m2s−1      (uniform)

Density profile Uniform

The benchmark comparing the developed model 

against the former model of MIPS code showed 

good agreement between the two models. 

The two models showed a comparable energy 

growth rate and similar ballooning mode structures 

during the linear regime. 

Plasma parameters are unrealistically high to simplify calculations 

and accelerate benchmark. 
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Simulation results: spontaneous CDC event

11Figure 11: a) Kinetic energy evolution, b) 

averaged beta and thermal energy evolution

“Crash time” t~0.22ms

Linear growth corresponds 

to development of 

ballooning modes. 

Perturbation is localized in 

outer edge region. 

Simulation of CDC study 

used ~ 193 536 cpuh

Figure 12: Mode structure of density perturbation vs equilibrium B structure 

t = 0.2 ms

CDC study

Resolution (R,ϕ,Z) = (384,1792,384)

Time step dt = 1.62 ns

Parameters D⊥ = 1 m2s−1,    

𝜈0 = 100 m2s−1,           (𝜈 = f(T))

η0 = 1.0 ×10−4 Ωm,     (η = f(T))
χ⊥ = 1 m2s−1,      

χ∥ = 1.0×105 m2s−1        (χ = f(T))

Resistivity and viscosity are high due to computational limitation. 



Simulation results: spontaneous CDC event
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At t~0.20 ms perturbation is 

localized in edge region, 

following ballooning mode 

structures. Ballooning modes are 

accompanied by stochastization 

of magnetic field. 

Ballooning mode saturates and 

the plasma profile breaks. 

Magnetic field becomes more 

stochastic and plasma profile is 

further lost. Plasma is flushed 

outwards. 

Figure 13: 2D profile evolution of a) B, b) ⍴v, c) n , d) T



Simulation results: spontaneous CDC event
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Figure 17: pressure spectrum structure against normalized toroidal flux for three different time slices (sorted by magnitude). 

The analysis of n=[-20,20], m=[0,30], toroidal and poloidal modes (respectively), shows that at the

linear phase (t=0.20 ms) and early non-linear phase (t=0.29 ms) , dominant toroidal modes appear as

multiples of 5 and 10, reflecting the inherent periodicity of the LHD plasma.

In the fully non-linear stage (t=0.44 ms), low-n modes become dominant, corresponding to plasma

reconfiguration induced by the CDC event. Mode structure shifts to the core.
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Conclusions and future perspectives
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● The developed 3D non-linear non-adiabatic MHD model allows to calculate the anisotropic heat

conductivity and external particle, momentum and heat source. The model has been benchmarked and

validated against the former model in MIPS code.

● The model shows preliminary results of the CDC event observed experimentally:

○ Plasma is unstable to ballooning modes, localized in the outer edge. Ballooning modes lead to

collapse of density and pressure core profiles, accompanied by a shift inwards.

○ Density, temperature and pressure increase in the edge, outwards flushing of plasma

○ Magnetic field is stochastized by ballooning modes.

○ At linear regime high-n modes are dominant (periodicity related), but non-linear coupling at relaxation

stage causes a shift to low-n modes localized in the core. CDC event is not triggered by modes

localized in the core purely, but is derived from high-n balloning modes localized in the edge

which then cascade into low-n modes.

● Future studies are expected to extend the physics model and numerical model to allow performing with

more realistic plasma parameters.

● Particle, momentum and heat sources effects will be analyzed in future works.



Acknowledgements

The authors are grateful to have been given the opportunity to do this seminar 

sharing their latest results of the study. 

The authors gratefully acknowledge the computer resources through EUROfusion 

HPC project from Marconi-Fusion and Leonardo, the High Performance 

Computers at the CINECA headquarters in Bologna (Italy) and JFRS-1 provided 

under the EU-JA Broader Approach collaboration in the Computational Simulation 

Centre of International Fusion Energy Research Centre (IFERC-CSC).

One of the authors (Civit. A) has the support of the Joan Oró predoctoral grants 

program AGAUR-FI (2023 FI-3 00065) from the Secretary of Universities and 

Research from the Research and Universities Department from the Government 

of Catalonia and from  European Social Fund Plus.

16


