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Motivation 

•  Energetic particle (EP) transport in the magnetic confinement fusion 
devices are important 
–  Confinement and transport of fast ions from neutral beam injection 
–  Confinement of charged fusion-born product for self-heating 
–  Control and mitigation of runaway electrons  

•  EP transport study requires full orbit treatment due to 
–  Substantially larger gyroradius of EPs than thermal ions, comparable to 

characteristic scale length of plasma profiles 
–  Larmor radius effects on the EP transport and associated MHD instabilities 

•  Full orbit simulation is essential for EP study in tokamaks  
–  Fully follow fast gyro-motion + drift motion + processional motion  
–  Include static and time-varying electromagnetic fields: MHD instabilities, 

non-axisymmetric magnetic fields, ion cyclotron waves, etc. 
–  Directly compare with EP diagnostics in the experiments: FILD, FIDA, etc. 
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New Code for Full Orbit Following of Energetic Particles 

•  New code for full orbit following has been developed  
–  Extend POCA neoclassical drift-kinetic particle code 
–  Based on DCON/IPEC-type axisymmetric and non-axisymmetric equilibria 
–  Parallelized using MPI 

•  Solve charged particle motion in the tokamak configuration 
–  Solve Lorentz equation in the Cartesian coordinates with easy coordinate 

transformation between flux, RZPhi, and xyz 
–  Pitch-angle scattering and slowing down collisions 

•  Follow single particle or many particles 
–  Single particle input with arbitrary position, energy, and pitch 
–  Many particle input from neutral beam deposition code 
–  Use background plasma profiles from experimental data 

•  Use non-axisymmetric field information from ideal plasma response 
and vacuum fields 
–  Study 3D field effects on the EP transport and confinement 

 

[K. Kim POP (2012)] 
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New code solves Lorentz equations with slowing down and  
pitch angle scattering collisions 

•  Charged particle motion is governed by 
Lorentz equations in the toroidal geometry 

 

•  Guiding center position is evaluated in 
each time step 

 
 

•  Consider slowing down and pitch angle 
scattering collisions 
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New code accepts initial fast ion distribution  
from neutral beam injection simulation 

Benchmark of NB distribution 

rho rho 

•  Fast ion distribution launched 
by neutral beam injector is 
used as input 
–  Assume Gaussian beam 

shape 
–  Calculate Ionization 

process by random 
threshold of effective 
ionization probability 
[Asunta CPC 2015] 

–  Use ionization cross 
section with analytic fits 
to stopping cross sections 
[Janev NF 1989, Suzuki PPCF 
1998] 

–  Calculate beam 
deposition in the SOL to 
study higher pitch angle 
fast ions 

[Courtesy of T. Rhee (NFRI)] 
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3 beam lines of neutral beam injection (NBI) system in KSTAR 
supplies fast ions of < 100keV 

NBI system in KSTAR Fast ion distribution  
by neutral beam injection 

for full orbit simulation  
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Non-Axisymmetric Magnetic Fields in KSTAR  

KSTAR	  In-‐Vessel	  Control	  Coils	  (IVCC):	  	  
	  	  	  3-‐rows	  (Upper	  /	  Middle	  /	  Lower) 
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e.g.	  n=1,	  +90	  degree	  phasing	  

•  In-vessel control coils (IVCC) in KSTAR provide 
various static or rotating non-axisymmetric 
magnetic fields of n=1 and n=2 

•  Demonstrate ELM suppression, toroidal rotation 
braking by NTV, divertor heat flux splitting, etc. 

•  Active use for control of fast ion confinement 
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Increased fast ion loss was observed with increasing RMP field, 
implying correlations with 3D field characteristics 

[Courtesy of Junghee Kim (NFRI)] 

•  FILD measures localized fast ion loss 
•  Fast ion loss signal was increased as IVCC currents were increased 
•  Fast-ion loss intensity is saturated at ~ 3.5 kA/turn (Top coil) and ~ 2.5 kA/turn 

(Middle coil) unless plasma is locked 
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Full orbit simulation with 3D perturbed equilibrium shows 3D  
fields can enhance fast ion loss 

+	   -‐	  -‐	   +	  

•  Ideal plasma 
response significantly 
enhances fast ion 
loss than vacuum 
fields 

•  Linear dependence 
of fast ion loss on δB 
was found in vacuum 
field case 

•  Threshold δB appear 
in ideal plasma 
response, while 
plasma response is 
linear to δB 

Top coil only Fast ion loss [%] - IPEC Fast ion loss [%] - Vacuum 

Time (µs) Time (µs) 

δB/δB0 

Loss at 50µs 

No 3D 
δB0 

δB0 x2 
δB0 x4 
δB0 x6 
δB0 x8 
δB0 x10 

δB/δB0 
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3D fields modify confined and lost particle distributions 

•  Without 3D fields, most lost particles are passing particles having pitch near 
1.0 (co-passing due to tangential injection of neutral beam) 

•  With 3D fields, lower pitch angle particles are lost 
•  Increased 3D fields further enhance fast ion losses of lower pitch angle 

Confined particle distribution 

Lost particle distribution 

Pitch (v||/v) 

Initial 
No 3D 
δBx10 

C
ou

nt
s 

C
ou

nt
s 

No 3D 
δB0 

δB0 x2 
δB0 x4 
δB0 x6 
δB0 x8 
δB0 x10 
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Mid-coil case shows much stronger fast ion loss  
with ideal plasma response than top-coil case 

+	   -‐	  -‐	   +	  

Mid coil only 

•  For vacuum case, 
similar trend of fast 
ion loss to top coil 
case found (linear?) 

•  Ideal plasma 
response drives 
much stronger fast 
ion loss than top coil 
case, due to wider 
coverage on plasma 
volume 

•  Threshold δB is found, 
implying underlying 
correlation between 
plasma response 
and fast ion transport   

Fast ion loss [%] - IPEC Fast ion loss [%] - Vacuum 

Time (µs) Time (µs) 

Loss at 50µs 

No 3D 
δB0 

δB0 x2 
δB0 x4 
δB0 x6 
δB0 x8 
δB0 x10 

δB/δB0 δB/δB0 
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3D fields by mid-coil significantly change fast ion loss boundary 

•  Modifications of confined fast ion distribution appear more significantly than 
top-coil case 

•  Increased 3D fields further enhance loss of lower pitch particles 
–  Second peak in the lost particle distribution appears around λ=0.7 as δB increases 
–  Trapped particles begin to escape under the strongest 3D fields  

Confined particle distribution 

Lost particle distribution 

Initial 
No 3D 
δBx10 

Pitch (v||/v) 

C
ou

nt
s 

C
ou

nt
s 

No 3D 
δB0 

δB0 x2 
δB0 x4 
δB0 x6 
δB0 x8 
δB0 x10 



Top coil only Mid coil only 
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Full orbit simulation captures consistent features of increase of
 prompt fast ion loss in the experiment 

•  Simulation predicts increase of prompt fast ion loss by increased 3D fields 
•  Modeling shows much bigger increase of fast ion loss for mid-coil case, while 

FILD signal indicates moderate increase 
–  Toroidal phase difference btw top and mid coil cases, localized FILD measurement 

•  Saturation in the fast ion loss signal was not captured in the simulation  
–  Prompt loss VS. continuous supply of fast ions from neutral beam 

Fast ion loss  
calculated with  

full orbit simulation 

FILD signal  
detected  

in experiment 
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Plasma response induces much stronger fast ion loss  
than vacuum fields 

Time (µs) Time (µs) 

No 3D 
δB0 
δB0 x2 
δB0 x4 
δB0 x6 
δB0 x8 
δB0 x10 

Fast ion loss [%] - IPEC Fast ion loss [%] - Vacuum 

Top coil 

Mid coil 

Fast ion transport analysis in NSTX  
using SPIRAL with plasma response 

[Bortolon PRL (2013)] 

•  New code predicts much stronger fast ion loss by ideal plasma response 
•  Previous NSTX analysis using SPIRAL with IPEC and vacuum fields shows 

consistent features of fast ion transport with ideal plasma response 
•  Real plasma is in-between vacuum and ideal, depending on parameters à 

plasma response modeling may be important for prediction  



•  All fast ions (90keV) were launched in the co-BT direction (λ=1.0) at θ=0 
–  Island structure in the orbit mapping is broken by increased 3D fields at the core, 

due to orbit overlap 

Axisymmetry δB  
(IVCC ~1.5kA/turn) 

2x δB 4x δB 
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Stochastization of full orbit trajectory elucidates enhanced fast
 ion loss by 3D fields – Vacuum 3D fields (n=1, +90 phasing) 



Axisymmetry δB  
(IVCC ~1.5kA/turn) 

2x δB 4x δB 
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Stochastization also clearly appears for particles launched  
in the counter-BT direction (λ=-1.0) 

•  A threshold δB seems to exist around 4xδB, triggering rapid stochastization 
–  Imply fast ion loss under 3D fields may have a threshold mechanism to drive rapid 

orbit stochastization in the presence of magnetic island 
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Fast ion trajectory responding to ideal plasma response  
without magnetic island shows breaking of nested flux surfaces 

Co, 2x δB 
Vacuum 

Co, 2x δB 
IPEC 

Ctr, 2x δB 
Vacuum 

Ctr, 2x δB 
IPEC 

•  No islands in fast ion orbits in the ideal plasma response à nested flux surface 
•  Nested flux surfaces are broken in the fast ion orbits as 3D fields increased, 

driving much stronger loss than vacuum fields  
•  Ongoing investigation for threshold δB to trigger rapid fast ion transport  
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Summary 

•  Full orbit simulation captures consistent features in the enhanced fast 
ion loss by 3D fields in KSTAR  
–  Accept experimental input data, fast ion distribution by NBI, 3D fields by 

vacuum and ideal plasma response 

–  Consistently show increased fast ion loss with increased 3D fields 

•  Orbit stochastization may explain many features of fast ion loss 
captured in the simulation and experimental observations 
–  Ideal plasma response predicts much stronger loss than vacuum fields, 

due to field amplification by magnetic pitch-alignment 
–  Full orbit simulation shows orbit stochastization without island overlap in 

the presence of islands 
–  Ongoing work to clarify orbit stochastization mechanism: threshold, 

transport without islands (i.e. ideal plasma response case)  

•  Full orbit code will be actively applied to theoretical and 
experimental studies of fast ion transport 
–  Fast ion transport study in the presence of MHD instabilities and Alfvén 

Eigen modes, via coupling with linear/non-linear MHD stability codes 


