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The dynamics of fusion plasmas lead to instabilities that can spontaneously erupt and degrade con�nement and sometimes lead to
catastrophic disruptions of the entire plasma itself. These instabilities occur in a broad range of spatial and temporal scales,spanning
many orders of magnitude, often resulting from nonlinear interactions. Computational simulations are crucial to understanding these
phenomena.

NIMR OD(NonIdeal MHD with Rotation - Open Discussion)1 is a massively parallel three dimensionalmagnetohydrodynamic simulation
utilizing �nite elements (FE ) to represent the poloidal plane and a fourier decomposition in the toroidal direction. The use of �nite
elements allows 
exibilit y in the representation of the simulation domain. The abilit y to model experimental shots with NIMR OD
providesa platform to test new ideasof plasmabehavior. To expandthe physicscapabilities of NIMR OD, kinetic e�ects have beenadded
to NIMR OD by the addition of � f PIC(P article in Cell) module. The addition of kinetic particle e�ects captures essential wave-particle
interactions important in the saturation of various MHD instabilities such as the internal kink mode, sawtooth and �sh boneinstabilities,
and toroidal Alfv en eigenmodes. Particle simulation capabilities in NIMR OD can alsobe extendedto simulate various phenomenasuch as
neutral beaminjection, ion cyclotron resonanceheating, and anomalouslossmechanisms. In addition, this hybrid kinetic-MHD technique
lays the foundations for a kinetic closureto the MHD equations.

This poster will brie
y introduce NIMR OD and � f PIC in general, then detail the development of PIC in �nite elements and their
implementation and present preliminary results.

1C. R. Sovinec et al,"Nonlinear Magnetohydrodynamic Simulation using High-Order Finite Elements", to appear in Journal of Computatioal Physics



Kinetic

� described by phasespacecontinuity equa-
tion

! Vlasov Equation

� fast time scales- f 
 � 1
i ,� tg

� smallspatialscales- f � i ; � 100� ig

� plasmadescribed by abstract 6-D phase
space

� equationsarefundamental

Fluid-MHD

� describedby velocity moment ofVlasov Equa-
tion

! MHD Equations

� longtime scales- f � A; � r g

� globalspatialscales

� plasmadescribed by physicalquantities -
f n; V ; pg

� many assumptionsmade



Hybrid Kinetic-MHD Bridges the Tw o

� captureskinetice�ects lost in MHD equations

� kinetice�ectsstronglye�ect MHD instabilities

{ �shbone

{ sawtooth

{ TAE

� cansimulaterealfusionplasmaexperiments

{ � particlese�ects

{ neutralbeaminjection

{ ICRF heatedions

� ultimate of ultimates: kineticclosures



Kinetic MHD Equations 2

Startingfrom Vlasovsequation:
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momentum equationfor hot particlesis
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2W. Park, et al, "Three-dimensional hybrid gyrokinetic- magnetohydrodynamic simulation" ,Physics of Fluids B,4, 1992



Kinetic Equation and � f -metho d3

Vlasov Equation
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= 0

wheref (z) is the 6 dimensionalphasespacedistributionandz is the phasecoordinate.

Typically(in the fusioncommunity), kineticequationsareimplementedasparticle-in-cell(PIC)
simulationsusingthe � f -method.

� split phasespacedistribution into steadystateandevolvingperturbation:

f = f 0(z) + � f (z; t)

� put into Vlasov Equation:
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3G. Hu and J. A. Krommes, "Generalized weighting scheme for � f particle simulation method", Physics of Plasmas,1, 1994



Characteristic Equations of Motion

Usethe drift kineticequationsof motion.
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`Lik e NIMR OD , the migh ty hunter before the Lord'

NIMR OD (NonIdealMHD with Rotation - OpenDiscussion)

� massively parallel3-D MHD simulation

� domaindecompositionin poloidalplaneandfouriermodes

� utilizesLagrangetype �nite element

� canhandleextremeanisotropies,
� k
� ?

� 1

� 
exibilit y to modelgeneralgeometry! realexperiments

� modelexperiment relevant parameters,S > 107

� semi-implicitadvance,not restrictedby magnetosonicCFL condition



NIMR OD equations

NIMROD evolvesthe extendedMHD equations
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wherethe heat
ux is
q = � n

h
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Q is a sourceterm
Q = � J2 + � mnr U T : r U

from Ohmicandviscousheating.

plasmaobeysthe idealgaslaw, p = nT.



Spatial represen tation in NIMR OD

The perturbedNIMROD �elds arein FE-Fourierrepresentation

� A(x; t) =
X

j

Aj; 0(t)� j; 0 +
X

j

X

n

(Aj;n (t)� j;n + c:c:)

where
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(p;q) arelogicalcoordinates

The Lagrangetype elements arecomposedof polynomialsof the form:
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(1,1) in ternal kink eigenmo de from NIMR OD



Form ulation of PIC in FEM

Particlesin a �nite element grid have the addedcomplicationof an irregulargrid.

� nontrivial shape functionsassociatedwith the gatherandscatterprocess

� a morecomplicatedsearch algorithm

� addedcomplicationsof parallelization

Shape functionusedfor gatherandscatter:
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Needto determinelogicalcoordinates(p;q) of each particleto evaluateshape functions



Solving for the p's&q's

Expressparticlecoordinatesin �nite element fashion:
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ZiNi (p;q);

(p;q) must be solved for in an iterative fashiondue to the nonlinearnature of the relevent
equations.

Invert this relationusingNewton-Raphsonmethod.
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Invoke the InverseFunctionTheorem
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Insertingthe de�nitions for the shapefunctions
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If � 1 � p;q � 1 is not true, thentheparticleis not in this element, andanotherelement needs
to be searched. The newelement to be searched is determinedby the valueof (p;q), left if
p < � 1, right if p > 1, down if q < � 1, up if q > 1, andcombinationsthereof.



Particle Sorting

� Sortingis important because:

{ sortingmakesdomaindecompositionof particlestrivial

{ cachethrashingis minimized

� Each processordoesa `bucket' sort of it's own assignedparticles

� Particlesaresortedwrt the �nite element grid

� Particleswith a logicalcoordinateoutsideof the processorsub-domainarepassedto their
appropriateprocessor

� A locally sortedlist of particlesis �nally tabulatedon each processor



Parallel performance

Figure 1: scaling of total time and sorting time wrt #pro cessorsand particle number

� Algorithm is scalable,total cputime / 1
# procs

� search algorithmshowsstrongdependenceonthenumberofprocessorsdegradingscalability



Load Balancing Issues

Nonuniformgrid causesdramaticloadbalancingproblem.

Current solutionis to restrictdomaindecompositionto poloidaldirection.



CGL Pressure Tensor

The Kinetic MHD momentum equationis
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Slowing Down Distribution

Assumean energeticminority ion speciesresultingfrom beamsor � particleswith uniform
initial energy. Throughcollisionswith electrons,the monoenergeticdistribution becomesthe
slowingdown distribution
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Particle Equilibration

Within a fewtransit times,the simulationparticledistributionsettles



Phot shows Eigenfunction Formation



Gro wth rate and time history of Vr



CEMM Energetic Particle Benchmark



Summary

� developPIC algorithmsuitablefor FEM

� parallelizationscaleswell for smallnumber of processors

� sortingis nonscalingandstronglydependent on the number of processors

� loadbalancingan issue

� particlenoisemust be reduced

� particleorbitsaccuratelycalculated

� Phot picks up NIMROD eigenmode

� inclusionof kinetice�ectsdrivesinstability

� linearresultsagreewith competingsimulation (M3D) for � h = 0 and� h = 8%


