
W.A. Cooper     Self-consistent simulations of ICRH in Tokamaks and Stellarators          December 2012 1 

Self-Consistent Simulations of ICRH  
in Tokamaks and Stellarators 

ITER International School, Ahmedabad, India, December 2012 

M. Albergante, D. Brunetti, W. A. Cooper, J. P. Graves,  
M. Jucker, D. Pfefferlé 



W.A. Cooper     Self-consistent simulations of ICRH in Tokamaks and Stellarators          December 2012 

Outline 

q  1. Introduction 
§  Fusion, tokamaks and MHD 
§  Suprathermal (fast) particles and impact of heating methods 

q  2.  Parallelisation of codes calculating fast ion populations 
§  Neutral beam injection 
§  Ion cyclotron resonance heating 

q  3. Description of the SCENIC integrated modeling package 
q  4. Applications to JET and a 3D stellarator 
q  5. Impact of modelling on fusion experiments 

q  Conclusions 
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ITER: next step fusion reactor 

q  EU+CH, Japan, USA, China, India, South Korea, Russia 
q   O(10G€) construction cost (0.30€ / person / year) 
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Source:ITER 

The plasma 
will be here 

You are 
here 
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Timescales in the ITER plasma 

q  Physics spans several orders of magnitude 
q  Direct Numerical Simulation (DNS) of “everything” is unthinkable 

§  Need to separate timescales using approximations 
§  Our main interest is macroscopic magnetohydrodynamic 

(MHD) instability, and especially interaction with 
suprathermal particles. 
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MHD instability in present day tokamak 
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Modelling of such instabilities in TCV 
tokamak at EPFL 
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 We solve for internal flux surfaces in equilibrium: 
         
      - Relax axisymmetry constraint inside plasma 
 
 
• A helical MHD plasma 
state is found 
[Cooper et al PRL 2010, 
 IAEA proceedings1012] 
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Energetic ion Confinement 
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Energetic ions are injected in order to heat the plasma by collisions. 
 
Helical instabilities are found to eject the energetic particles and reduce 
heating efficiency. 
 
 
 
 
 
 
 
 
 
 
 
Source: D. Pfefferlé, 
Varenna Proc. 2012 
 
 
 
 
 
 
 
 
 

No helical instability –  
Good peaked fast ion 
density 

Strong helical instability 
–  fast ions lost 
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Energetic ion Confinement 

8 

 
Energetic ions are injected in order to heat the plasma by collisions. 
 
Helical instabilities are found to eject the energetic particles and reduce 
heating efficiency. 
 
 
 
 
 
 
 
 
 
 
 
Source: D. Pfefferlé, 
Varenna Proc. 2012 
 
 
 
 
 
 
 
 
 

No helical instability –  
Good peaked fast ion 
density 

Strong helical instability 
–  fast ions lost 

 
One curve = 3200 CPU-H 
(2 million particles, run on 
> 1000 processors) 
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Particle orbits in magnetic geometry  
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Trapped particle  

Passing particles  

Trapped particle  

In a tokamak, 
two kinds of confined  
particles exist: 
-trapped 
-passing 
 
 
Source: Graves, 
Nature Commun. 2012 
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Generation of injected beam population 
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Trapped particle  

Source: Graves, Nature Commun. 2012 
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Other Heating Methods in Tokamaks –  
wave particle resonance 
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Cyclotron motion with  
frequency  

Electron cyclotron heating (ECH) 
 - microwave injected at electron 
   cyclotron frequency resonates 
   with minority electron population 
 - hot electrons give up their energy 
   to the plasma via collisions 
 
 
Ion cyclotron heating (ICRH) 
 - radio wave injected at ion 
   cyclotron frequency resonates 
   with minority ion population 
 - hot ions give up their energy  
   to plasma via collisions 
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Ion Cyclotron Resonance Heating-  
wave-particle interaction 

q  General: distribution function in 6D phase space 
 
q  To be solved with consistent electromagnetic fields 
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Surfers with velocity just below the 
phase velocity of the wave will be 
accelerated  

-> momentum and energy transfer 

Surfers with velocity too different 
from the phase velocity of the 
wave will not ride the wave 
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The SCENIC Integrated ICRH  
Modeling Package 

q Self-consistent computation of the MHD equilibrium state, 
ICRH heating deposition and fast ion distribution in 2D and 
3D toroidal plasmas. 

q MHD equilibrium computed with the VMEC/ANIMEC code. 
3D anisotropic pressure based on a Bi-Maxwellian fast ion 
distribution function. Nested magnetic flux surfaces. 

q  ICRH power deposition computed with the LEMan code. 
Zero order in Larmor radius expansion in 3D Boozer 
coordinates. Appropriate for minority heating method. 
Dielectric tensor adapted to bi-Maxwellian fast particle 
model. 

q Guiding centre particle orbits followed with the VENUS code. 
Anisotropy and relativistic corrections included in the 
formulation. 
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Ion Cyclotron Resonance Heating using 
EPFL SCENIC code 
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Ion Cyclotron Resonance Heating using 
EPFL SCENIC code 
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source: Jucker, EPFL thesis 2010 
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Ion Cyclotron Resonance Heating using 
EPFL SCENIC code 
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Massively 
parallelised 



W.A. Cooper     Self-consistent simulations of ICRH in Tokamaks and Stellarators          December 2012 17 

The Bi-Maxwellian Distribution 
Function 
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3D Anisotropic Pressure Equilibrium 
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Energy Minimisation 
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MHD Forces 
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3D MHD equilibrium 
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The Link between ANIMEC and LEMan 
q  The ANIMEC code is an anisotropic pressure extension of the 

VMEC code based on the description above. 
q  VMEC: S.P. Hirshman, O. Betancourt, J. Comput. Phys. 96 (1991) 

99; ANIMEC: W.A. Cooper, S.P. Hirshman et al., Comput. Phys. 
Commun. 180 (2009) 1524. 

q  The TERPSICHORE code modules that transform equilibrium 
quantities to Boozer coordinates is applied to generate information 
for the LEMan ICRH wave propagation code and for the VENUS 
particle solver. 

q  The LEMan code solves the Maxwell equations and calculates the 
power deposition from ICRH waves emitted by an antenna at the 
edge of the plasma. A direct convolution method and an iterative 
method used to obtain solutions. The iterative method is preferred 
for ICRH. (N. Mellet et al, Comput. Phys. Commun. 182 (2011) 
570). 

q  The power absorbed within a flux surface ‘s’  is proportional to: 
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The Wave Propagation Equations 
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The Bi-Maxwellian Dielectric Tensor 
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Coefficients in the Dielectric Tensor 
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•   Particle following code in the drift 
approximation 

•  Applies 4th order Runge-Kutta scheme to 
follow individual particle orbits 

•  Coulomb and RF collision operators 
implemented 

•  Specifically the parallel pressure moment of 
the distribution of particles that are followed is 
determined and is fitted  to the corresponding 
moment of the bi-Maxwellian fast particle 
distribution function 

  
 

Physics Basis of the VENUS Code 
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Guiding Centre Drift Motion 
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Hamiltonian drift motion approach 
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Drift orbit equations of motion 
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ICRH Collision Operators 
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EM Fields link from LEMan to VENUS 
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The Wave Numbers in VENUS 
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Ion Cyclotron Resonance Heating – 
Over 1 million markers followed  

Between iterations, the particle population does not modify the electromagnetic  
wave, nor impact on the magnetic equilibrium 
 
Moreover, the particles do not interact with each other between iterations. 
 
Hence, the population statistics for the marker trajectories and their cumulative  
distribution in real space and velocity space is trivially parallelisable using MPI  
(between iterations.). 
 
At the end of one iteration the wave field and equilibrium are updated.  This is 
not parallelised, but the time required for this is very small. 
 
 



W.A. Cooper     Self-consistent simulations of ICRH in Tokamaks and Stellarators          December 2012 34 

Ion Cyclotron Resonance Heating – 
Over 1 million markers followed  

 
The population statistics for the marker trajectories and their cumulative  
distribution in real space and velocity space is trivially parallelisable (between  
iterations.). 
 

source: Jucker, EPFL thesis 2010 



W.A. Cooper     Self-consistent simulations of ICRH in Tokamaks and Stellarators          December 2012 35 

Ion Cyclotron Resonance Heating  
 
At the end of one iteration the wave field and equilibrium are updated.  This is 
not parallelised, but the time required for this is very small. 
 
Moreover, very few iterations are required in practice. 
 
 

source: Jucker, EPFL thesis 2010 
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Generation of hot ion population between 
iterations – massively parallelised 



W.A. Cooper     Self-consistent simulations of ICRH in Tokamaks and Stellarators          December 2012 37 

Change to equilibrium pressure  
(magnetic field) and wave at each iteration 
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SCENIC ICRH Simulation in a Quasi-
Axisymmetric Stellarator  
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Quasi-Axisymmetric Stellarator ICRH 
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Hot Particle Pressure from ICRH in a 
Quasi-Axisymmetric Stellarator 

40 



W.A. Cooper     Self-consistent simulations of ICRH in Tokamaks and Stellarators          December 2012 

Hot Particle Perpendicular Pressure 
in 2-Field Period QAS from VENUS 
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Platforms where VENUS is executed 
 
- BlueGene/P (EPFL), 
4096 quad-core nodes, 850 MHz, 56 Tops peak 
 
- Cray XE-6 Monte Rosa (CSCS, Lugano), 
1496 32-core nodes, 2.1 GHz, 402 Tops peak 
 
- Bull HPC-FF (Juelich, Germany), 
1080 8-core nodes, 2.93 GHz, 101 Tops peak 
 

- IFERC – Helios  (Rokkasho, Japan) 
4410 16-core nodes, 2.70 GHz, 1.237 PF peak, Memory 256TB 
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VENUS/SCENIC codes used to predict 
techniques for controlling fusion plasmas 

NBI and ICRH heating  
Required in order to obtained  
fusion grade plasmas 
 
But we can get instabilities 

Source: Graves, Nature Commun. 2012 
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VENUS/SCENIC codes used to predict 
techniques for controlling fusion plasmas 

Modelling of the plasma tells 
us how to tune the ICRH 
Heating in order to avoid 
instability  
 
Such phase space engineering 
is difficult.  Parameter space 
too large for experimental 
study alone. 
 
Modelling predictions enabled 
Massive step in control of  
Instability and improved  
plasma properties.   

Source: Graves, Nature Commun. 2012 



W.A. Cooper     Self-consistent simulations of ICRH in Tokamaks and Stellarators          December 2012 

ICRH, fast particles in 3D tokamaks 

q Investigation of ICRH deposition and fast 
particle confinement with SCENIC for the 
hybrid scenario proposed in ITER which could 
be susceptible to bifurcated helical core MHD 
equilibrium solutions 
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Summary 

The SCENIC simulation package integrates an MHD equilibrium solver (ANIMEC), 
an ICRH wave propagation and absorption code (LEMan) and a guiding centre 
drift orbit particle code to obtain self-consistent anisotropic pressure MHD equilibrium 
states in conjunction with the ICRH wave power deposition and the fast ion 
distribution function in 2D and 3D geometry. 
 
Applications in an axisymmetric JET tokamak configuration and a 3D quasi-
axisymmetric stellarator have  demonstrated converged solutions. 
   
Due to intrinsic complexity, theoretical understanding of plasma dynamics relies 
on heavy computation.  This is especially so for fast ion dynamics. 
 
The CRPP at EPFL has developed a world leading modelling tool for fast ion 
populations and dynamics in fusion plasmas. 
 
Simulations can be conveniently broken down into extremely efficiently parallelisable  
iterations. 
 
Access to reliable machines, along with a professional support team has 
enabled high impact work to be undertaken. 
 
 


