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Sawtooth	
  basics	
  

Figure	
  from	
  M.	
  Choi	
  et	
  al.,	
  Sawtooth	
  control	
  using	
  beam	
  ions	
  
accelerated	
   by	
   fast	
   waves	
   in	
   the	
   DIII-­‐D	
   tokamak,	
   Phys.	
  
Plasmas	
  14,	
  112517	
  (2007).	
  

DIII-­‐D	
  shot	
  #96043	
  

-­‐Plasma	
   has	
   q(0)	
   >	
   1,	
   peaked	
  
current	
  density	
  on	
  axis	
  

-­‐Ohmic	
   heaQng	
   introduced	
  
(e.g.	
  80	
  keV	
  neutral	
  beam)	
  

-­‐PreferenQal	
   heaQng	
   near	
   axis	
  
(higher	
   J)	
   	
   decreased	
   core	
  
resisQvity	
   (~T-­‐3/2)	
   	
   further	
  
current	
  peaking,	
  dropping	
  q(0)	
  

-­‐(1,1)	
   internal	
   kink	
   instability	
  
triggered	
  when	
  q(0)	
  <	
  1	
  

-­‐EnergeQc	
   parQcle	
   populaQon	
  
(e.g.	
   induced	
   by	
   RF	
   heaQng)	
  
alters	
   internal	
   kink	
   stability	
   
higher	
  Te	
  and	
  stored	
  energy	
  

-­‐PotenQal	
   trigger	
   for	
   ELMs,	
  
NTMs,	
  large	
  wall	
  heat	
  load	
  

Normal/giant	
  sawtooth	
  modes	
  



Sawtooth	
  stability	
  

Hot-­‐parQcle	
  effects	
  
Bulk	
  pressure	
  tensor	
  effects	
  
Ideal	
  MHD	
  effects	
  
Total	
  stability	
  parameter	
  

Figure	
  from	
  M.	
  Choi	
  et	
  al.,	
  Sawtooth	
  control	
  using	
  beam	
  ions	
  
accelerated	
   by	
   fast	
   waves	
   in	
   the	
   DIII-­‐D	
   tokamak,	
   Phys.	
  
Plasmas	
  14,	
  112517	
  (2007).	
  

Does	
  ideal	
  MHD	
  +	
  hot-­‐parQcle	
  
kineQcs	
  explain	
  everything?	
  

Role	
  of	
  two-­‐fluid	
  effects?	
  



Hot-­‐parQcle	
  sawtooth	
  stabilizaQon	
  	
  
in	
  NIMROD:	
  computaQonal	
  approach	
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Momentum	
  equaQon	
  has	
  an	
  extra	
  term:	
  

ConQnuum	
  kineQc:	
  

	
  represented	
  by	
  moments	
  of	
  Eric’s	
  soluQon	
  to	
  drig-­‐kineQc	
  equaQon	
  

KineQc	
  PIC:	
  

	
  represented	
  by	
  moments	
  of	
  evolving	
  PIC	
  distribuQon	
  

 

Phot

 

Phot



RevisiQng	
  Dalton’s	
  linear	
  sawtooth	
  runs	
  

hot-­‐parQcle	
  β	
  fracQon	
  

m
od

e	
  
gr
ow

th
	
  ra

te
	
  

Em	
  =	
  peak	
  energy	
  of	
  slowing-­‐down	
  
distribuQon	
  funcQon	
  

energeQc	
  parQcle	
  

stabilizaQon	
  

• From	
  Dalton’s	
  logbook,	
  have	
  begun	
  to	
  
sort	
  out	
  the	
  details	
  of	
  what	
  he	
  was	
  
doing	
  and	
  why.	
  

• IniQally,	
  looking	
  at	
  linear	
  scans	
  in	
  more	
  
detail	
  to	
  understand	
  the	
  basic	
  sawtooth	
  
physics	
  and	
  the	
  PIC	
  algorithms.	
  

• Basic	
  sanity	
  check	
  -­‐	
  can	
  we	
  reproduce	
  
some	
  basic	
  results	
  Dalton	
  got,	
  e.g.	
  
linear	
  MHD	
  mode	
  growth	
  with	
  and	
  
without	
  hot	
  parQcles?	
  



Despite	
  a	
  five	
  year	
  Qme	
  gap,	
  we	
  can	
  reproduce	
  	
  
Dalton’s	
  linear	
  MHD	
  results	
  prely	
  well	
  

• Old	
  input	
  files	
  now	
  generate	
  a	
  slightly	
  different	
  
grid	
  (conducQng	
  wall	
  boundary);	
  slight	
  alteraQons	
  
regenerate	
  the	
  old	
  grid	
  and	
  yield	
  reasonably	
  
comparable	
  growth	
  rates	
  (γD	
  =	
  3.341	
  x	
  104	
  s-­‐1,	
  	
  
γT	
  =	
  3.277	
  x	
  104	
  s-­‐1)	
  for	
  linear	
  n	
  =	
  1	
  growth	
  (no	
  	
  
hot	
  parQcles).	
  	
  Run	
  appears	
  to	
  be	
  converged	
  	
  
with	
  respect	
  to	
  grid	
  refinement.	
  

• When	
  hot	
  parQcles	
  are	
  added,	
  parameters	
  in	
  old	
  
input	
  file	
  need	
  to	
  be	
  renormalized	
  to	
  match	
  new	
  
code	
  convenQons	
  (energy	
  in	
  J,	
  not	
  keV).	
  

Dalton	
  (2009)	
  
Tom	
  (2014)	
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Linear	
  MHD	
  growth	
  rates	
  with	
  hot	
  parQcles	
  (n	
  =	
  1)	
  	
  
also	
  match	
  Dalton’s	
  old	
  results	
  

PIC	
  physics	
  is	
  consistent	
  between	
  the	
  five-­‐years-­‐ago	
  
version	
  and	
  the	
  present	
  version	
  of	
  NIMROD,	
  despite	
  
substanQal	
  code	
  reorganizaQon.	
  

SQll	
  checking	
  whether	
  or	
  not	
  the	
  convergence	
  properQes	
  	
  
with	
  respect	
  to	
  parQcle	
  count	
  are	
  consistent	
  with	
  	
  
Dalton’s	
  results	
  (but	
  everything	
  looks	
  encouraging	
  so	
  
far).	
  



Hot-­‐parQcle	
  formulaQon:	
  kineQc-­‐PIC	
  

in	
  pitch	
  angle	
  and	
  normalized	
  speed	
  coordinates	
  

Begin	
  with	
  Eric’s	
  drig-­‐kineQc	
  equaQon	
  

and	
  with	
  drig	
  velocity	
  

Most	
  general	
  case	
  –	
  let	
  f	
  =	
  f0	
  +	
  δf,	
  and	
  formulate	
  a	
  weight	
  equaQon	
  for	
  δf-­‐PIC.	
  

How	
  to	
  calculate	
  derivaQves	
  of	
  f0	
  on	
  RHS	
  of	
  weight	
  equaQon?	
  
	
  -­‐AnalyQcally	
  (Dalton/Charlson)	
  
	
  -­‐Numerically	
  (using	
  Eric’s	
  new	
  conQnuum	
  closure	
  datastructures)	
  



Sensible	
  benchmarking	
  

hot-­‐parQcle	
  β	
  fracQon	
  

m
od

e	
  
gr
ow

th
	
  ra

te
	
  

Em	
  =	
  peak	
  energy	
  of	
  slowing-­‐down	
  
distribuQon	
  funcQon	
  

energeQc	
  parQcle	
  

stabilizaQon	
  

• Some	
  concerns	
  about	
  whether	
  the	
  	
  
equilibria	
  used	
  in	
  this	
  benchmark	
  
are	
  the	
  same	
  for	
  PIC	
  and	
  conQnuum	
  
cases.	
  

• Will	
  also	
  be	
  meeQng	
  with	
  Alan	
  Turnbull	
  
this	
  week	
  to	
  ensure	
  that	
  we	
  understand	
  
assumpQons	
  underlying	
  the	
  DIII-­‐D	
  EFIT	
  
equilibrium	
  on	
  which	
  these	
  cases	
  are	
  
based.	
  	
  



2-­‐fluid	
  and	
  nonlinear	
  computaQons	
  

Growth	
  rate	
  vs.	
  Qme	
  –	
  stable	
  for	
  a	
  while,	
  	
  
but	
  then	
  singulariQes	
  in	
  the	
  edge	
  region	
  
overtake	
  the	
  mode;	
  divb	
  errors	
  ulQmately	
  
stop	
  the	
  run.	
  

• IniQal	
  tesQng	
  of	
  nonlinear	
  and	
  two-­‐fluid	
  capabiliQes	
  is	
  being	
  carried	
  out	
  (working	
  
with	
  Eric,	
  Jake,	
  Carl)	
  –	
  no	
  notable	
  results	
  yet.	
  

New	
  HDF5	
  interface	
  –	
  visualizaQon	
  with	
  VisIt	
  

Re_Bphi	
  

Perturbed	
  
magneQc	
  

	
  field	
  (Br,	
  Bz	
  	
  
vectors)	
  

ReaI	
   	
  	
   	
  	
  	
  	
  	
  Imaginary	
  

Perturbed	
  T_e	
  



Relevant	
  CEMM	
  milestones	
  

Year	
  4	
   Year	
  5	
  

Sawtooth	
   Apply	
  conQnuum	
  closure	
  models	
  for	
  
energeQc	
  and	
  thermal	
  ions	
  to	
  the	
  
Giant	
  Sawtooth	
  problem	
  (Tech-­‐X).	
  

ConQnue	
  linear	
  modeling	
  of	
  sawtooth	
  
stabilizaQon	
  in	
  DIII-­‐D	
  shot	
  96043	
  	
  
(Tech-­‐X).	
  

Demonstrate	
  nonlinear	
  evoluQon	
  of	
  
sawtooth	
  with	
  conQnuum	
  kineQc	
  
closures	
  and	
  extended	
  MHD	
  Ohm’s	
  law	
  
(Tech-­‐X/USU).	
  

Model	
  development	
  -­‐
con7nuum	
  kine7c	
  
(with	
  Eric	
  Held)	
  

Improve	
  parallel	
  scaling	
  of	
  kineQc	
  
closures	
  (USU).	
  

Demonstrate	
  applicability	
  by	
  applying	
  
to	
  a	
  3D	
  coupled	
  problem	
  (USU/Tech-­‐X)	
  

Model	
  development	
  -­‐
kine7c	
  PIC	
  

Begin	
  new	
  parQcle	
  parallelizaQon	
  
development	
  for	
  NIMROD	
  (Tech-­‐X).	
  

Complete,	
  test,	
  and	
  apply	
  the	
  new	
  
parQcle	
  parallelizaQon	
  in	
  NIMROD	
  
(Tech-­‐X).	
  



Plan	
  of	
  acQon	
  going	
  forward	
  

ConQnue	
  exploring	
  the	
  extent	
  to	
  which	
  Dalton’s	
  runs	
  characterize	
  the	
  MHD	
  and	
  2-­‐fluid(?)	
  	
  
	
  behavior	
  of	
  linear	
  sawtooth	
  onset	
  –	
  fill	
  in	
  the	
  gaps	
  

• Exercise	
  different	
  combinaQons	
  of	
  physics	
  components	
  –	
  MHD,	
  2-­‐fluid,	
  parallel	
  closure,	
  	
  
parQcles	
  (all	
  of	
  them	
  important	
  for	
  this	
  work	
  at	
  some	
  level)	
  

Near-­‐term	
  goal	
  –	
  ensure	
  self-­‐consistency	
  between	
  PIC	
  and	
  conQnuum	
  approaches,	
  in	
  
	
  collaboraQon	
  with	
  Eric.	
   	
  Get	
  experience	
  using	
  parQcle	
  capabiliQes	
  and	
  conQnuum	
  	
  
	
  kineQc	
  capabiliQes.	
  

Longer-­‐term	
  goals	
  –	
  gaining	
  physics/computaQonal	
  insights	
  with	
  NIMROD	
  
	
  -­‐code	
  performance	
  improvements	
  for	
  development	
  milestone	
  
	
  -­‐examine	
  the	
  effect	
  of	
  more	
  general	
  hot-­‐parQcle	
  distribuQon	
  funcQons	
  

Eventual	
  milestone	
  –	
  DIII-­‐D	
  shot	
  96043	
  modeling	
  


