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Long Term Goals 

•   Compute the onset and nonlinear evolution 
of a Giant Sawtooth Crash in a tokamak, 
including 
–  Properties of relaxed state 
–  Loss and destiny of stored energy 
–  Coupling to/generation of MHD activity 
–  Fate of energetic particles 
–  etc. 



Intermediate Term Goals 

•  Demonstrate and validate energetic 
particle capability in NIMROD by 
– Direct comparison with theory 
– Direct comparison with experiment (DIII-D 

96043) 
– Direct comparison with previous numerical 

results (Choi, et al, PF 14, 112517 (2007) ) 



Short Term Goals 

•  Understand MHD stability properties of DIII-D 
shot 96043 
–  Should be able to compute and understand linear 

and nonlinear MHD properties of the problem 
before addressing hot particle stabilization 

•  Energetic ions are difficult enough! 

–  Anticipate and solve computational difficulties at 
an early stage in the project 

–  One must crawl before one can walk….. 



All Results and 
Interpretations 
are Preliminary 
and Subject to 

Change! 



DIII-D Shot 96043 

•  Neutral beam heated 

•  RF produces energetic particles 

• Sawtooth period increases with RF 



“Giant Sawtooth” in DIII-D 
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Hot Particle Distribution 
Function  

•  Effect of RF 
computed with 
ORBIT-RF 

Injected energy = 80 keV 
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•  Energetic particle 
distribution is sum 
of slowing-down + 
RF acceleration 

•  Energetic tail can 
affect stabilization 
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NIMROD Calculations 
•  NIMROD extended MHD 

code has model for energetic 
particles 

•  Energetic particles do not 
affect MHD equilibrium 

•  Intermediate goal: Examine 
complete linear stability 
(including MHD, 2-fluid, GV, 
and energetic ions) of DIII-D 
shot 96043 at t = 1900 ms. 

•  Present goal: Understand 
Resistive MHD stability at t = 
1900 ms. 
–  Linear and Nonlinear MHD 



2 Equilibrium Cases 
•  Both cases use EFIT reconstruction of #96043 within separatrix 

–  Same as in Choi, et al. 
•  15% vacuum region 

–  Like experiment 
–  Leads to computational difficulties related to resistivity gradient at plasma/

vacuum interface 
•  High-n “edge modes” 

•  Wall on plasma 
–  ψhigh = 0.95 

•  Wall is stabilizing to edge modes 
–  Some high-n modes persist 

•  High-n modes stabilized by large viscosity near wall and anisotropic thermal 
conductivity 

–  Only n = 1 and n = 2 remain 
•  n = 1 is 1/1 ideal mode 
•  n = 2 is 2/2 resistive mode 



DIII-D Shot #96043 
q-profile inside Separatrix 

•  q(0) < 1 
•  qsep = 3.5 (both 

vacuum and wall 
cases) 

•  qwall ~ 3 (ψsep = 0.95) Slight q-minimum 



DIII-D shot #96043 
Equilibrium Reconstruction at t = 1900 msec 

15% Vacuum 
•  128 X 128 

poloidal grid 
–  Required for 

poloidal 
resolution of 
high-n modes 

•  3rd degree finite 
elements 

•  Packing near low 
order rational 
surfaces 

•  Vacuum region beyond 
separatrix 

•  Flat edge pressure 
•  Large diffusivity 

gradient 

(Image distorted) 



DIII-D shot #96043 
Equilibrium Reconstruction at t = 1900 msec 

Wall on Plasma ψhigh = 0.95 
•  128 X 128 

poloidal grid 
–  Required for 

poloidal 
resolution of 
high-n modes 

•  3rd degree finite 
elements 

•  Packing near low 
order rational 
surfaces 

•  Wall on plasma 
•  Pressure goes to wall 
•  Large diffusivity 

gradient at edge 
•  Resistivity and/or 

viscosity 
–  Also use flat profile 

(Image distorted) 



Ideal MHD Stability 

•  Wall on 
plasma 

•  n = 1, n > 
10 
unstable 

•  GATO => 
n = 2 is 
ideal 



Resistive Low-n Stability Properties 
15% Vacuum 

•  n = 1 is ideally unstable 
–  Requirement for kinetic 

stabilization  
•  γI = 3.46 X 104 /sec 
•  γGATO = 4.7 X 104 /sec 

–  GATO also shows 2/2 ideal 
mode: γ = 1.7 X 104 

•  Other modes in NIMROD are 
resistive 

•  3 regimes: 
–  Resistive 
–  Asymptotic 
–  Truncation (numerical 

reconnection) 
•  Different asymptotic scaling for 

different modes 
•  Effective S in NIMROD (128 X 

128, p = 3): 
–  Seff ~ 108 
–  η/µ0 ~ 10-3 m2/sec 

Resistive Asymptotic Truncation 

GATO n = 1 



Eigenmodes 
15% Vacuum 

•  Ideal  1/1 mode 

n = 1 n = 3 n = 5 

•  q~ 3  
•  Edge mode 

•  q~ 3 
•  Edge mode 

•  All higher-n modes are resonant near separatrix, at 
plasma/vacuum transition 



Higher-n Modes 
15% Vacuum 

•  Resistive MHD stability; S = 5 X 
106 

–  Asymptotic regime 
•  n = 1 - 15 
•  More dissipation: 

–  Viscosity 
–  Particle diffusivity 
–  Anisotropic thermal diffusivity 

•  n = 2, 3, 4 stable (due to 
dissipation?) 

•  Higher-n modes unstable 
–  Growth rate increases with n 

•  Need stabilization to resolve 
nonlinear toroidal spectrum 
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Dire implications for nonlinear computations! 



Stability 
Wall on Plasma 

•  Putting wall on 
plasma may be 
stabilizing for modes 
near edge 

•  All n = 1-15 remain 
unstable with 
resistivity profile and 
flat viscosity 

•  Anisotropic thermal 
cond. lowers growth 
rate, stabilizes n=3 



Eigenfunctions: Wall on Plasma 
Resistivity Profile, Flat Viscosity, 
Isotropic Thermal Conductivity 

n = 1 
1/1 mode 

n = 2 
2/2 and 6/2 components 



Eigenfunctions: Wall on Plasma 
Resistivity Profile, Flat Viscosity, 
Isotropic Thermal Conductivity 

n = 3 
8/3 mode 

n = 10 
~ 30/10 ??? 

Transition to edge resonance 



Eigenfunctions: Wall on Plasma 
Resistivity Profile, Flat Viscosity, 
Isotropic Thermal Conductivity 

n = 11 n = 15 

All high-n modes are edge modes 



High-n Modes Stabilized with Flat Resistivity 
and/or Shaped Viscosity 

•  All cases have anisotropic 
thermal conductivity 

•  n  = 3 - 13 stabilized with flat 
resistivity profile 

–  Suggests drive by resistivity 
gradient (rippling) 

•  n = 14,15 remain unstable 
•  These are stabilized with shaped 

viscosity (large near wall) 
•  Shaped viscosity also stabilizes 

the rippling modes in the 
presence of a resistivity gradient 

•  Suggests running nonlinear cases 
with shaped viscosity and 
anisotropic thermal conductivity 



Resistive Scaling of n = 1 and n = 2 

•  n = 1 is 1/1 ideal kink 
mode 

•  n = 2 is 2/2 resistive 
mode 
–  S-scaling has only 

2 data points 
•  GATO shows n = 2 

is ideal? 



Eigenfunctions for n = 1 and n = 2 
S = 1.11 X 106 

•  Wall on plasma 
•  Resistivity and viscosity large near wall 
•  Anisotropic thermal conduction 

n = 1 n = 2 



Nonlinear Resistive MHD 
•  “First” nonlinear run 

–  “Proof of principle” 
•  n = 1 unstable 
•  n = 2 driven before 

onset of linear 
instability 

•  All high-n modes 
well behaved 

–  Nonlinearly driven 
•  Entering nonlinear 

stage 
–  Cycling through 

queue on franklin 
•  Now we just need 

the energetic ions! 



Later Time Development 
• Energy in 
high-n 
modes 
increasing 

• Still a long 
way to to to 
saturation 

• Started 
June 7, 
2010 



Nonlinear Pressure Contours 

•  Pressure flattening 
in island 

•  Secondary island at 
reconnection site 

•  A long way to go! 



Effect of 2-fluid Ohm’s Law 

•  Both resistivity and 
viscosity peaked near wall 

•  Anisotropic thermal cond. 
•  No gyro-viscosity 
•  MHD: 

–  n > 2 stable 
•  2-fluid, peaked density: 

–  n = 2 stabilized 
–  n > 4 unstable 

•  2-fluid, flat density: 
–  Stability properties 

changed 
–  High-n modes have 

increased growth rates 
•  Drift or ηi modes? 

E = −V × B +ηJ + 1
ne
J × B − ∇pe[ ]



2-fluid Eigenfunction 
(Peaked Density) 

n = 1 

1/1 + diamagnetic rotation 



2-fluid Eigenfunctions 
(Peaked Density)  
High-n 

n = 5 

q ~ 1 (5/5) 
n = 10 

q ~ 1 (10/10) 

n = 12 

q ~ 1 (12/12) 
n = 15 

q ~ 1 (15/15)  
+ 3 (45/15) 

All are MHD stable! 



Comments on Fluid Results 
•  NIMROD (and other CEMM codes) is an extremely accurate extended MHD 

code 
–  Sensitive to slight “wiggles” in equilibrium profiles (e.g., near r = 0 and separatrix) 

•  Equilibrium reconstruction is a “best fit” to the experimental data 
–  May be many slightly different profiles that fit within the error bars 

•  These may have very different stability properties 
•  Speculation: “Inaccuracies” in reconstruction near edge affect MHD and 2-fluid 

stability 
–  Some are driven by resistivity gradient, others may be ideal 
–  These “edge” modes are not seen(?) in the experiment (or at least not reported) 

•  Nonlinear simulations require sufficient toroidal resolution to resolve nonlinear 
coupling 

•  Indications are that edge modes (at least in MHD) can be stabilized by wall on 
plasma,  anisotropic thermal conductivity and large viscosity near wall 

–  Initial nonlinear MHD run underway 
•  2-fluid results not “well understood”(!) 
•  All results are preliminary 



Directions 
•  Begin nonlinear resistive MHD simulations 
•  Understand 2-fluid stability 

–  Effect of gyro-viscosity? 
•  Further code development probably required 

for kinetic ions 
–  Preliminary calculations show stabilizing effect, but 

not stabilization 
–  High energy tail => improved resolution in phase 

space 
–  Improved parallelization of particle algorithm 

•  nlayers > 1? 
–  Continuum solution of kinetic equation? 


