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Housekeeping	  items	  

This	  is	  not	  a	  talk	  on	  coupling	  NIMROD	  and	  GENRAY	  to	  do	  ECCD-‐
	  induced	  NTM	  stabilizaBon	  (you’ve	  all	  heard	  me	  talk	  about	  that	  	  	  
	  a	  few	  Bmes	  already…)	  

NTM	  work	  is	  being	  halted;	  CEMM	  funds	  redirected	  to	  focus	  on	  	  
	  giant	  sawtooth	  CEMM	  milestones	  (Kim,	  Schnack)	  

Current	  funding	  levels	  allow	  ~45%	  level	  of	  effort	  toward	  CEMM;	  	  
	  a	  recently	  funded	  SBIR	  Phase	  II	  grant	  will	  cover	  the	  rest	  –	  see	  	  
	  our	  Monday	  poster	  (D.	  N.	  Smithe)	  



Useful	  (invaluable!)	  documentaBon	  

70	  pages	  of	  explanaBons,	  	  
references,	  derivaBons,	  
head-‐scratching,	  NIMROD	  runs,	  	  
and	  bemused	  observaBons	  	  
about	  analyBc	  theorists…	  

Be^er	  documentaBon	  than	  
one	  usually	  gets	  when	  taking	  
over	  a	  project.	  

A	  good	  reminder	  –	  document	  
the	  important	  stuff	  you’re	  
doing.	  



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	   heaBng	   introduced	  
(e.g.	  80	  keV	  neutral	  beam)	  

-‐Plasma	  near	  axis	  preferenBally	  
heated	  (higher	  J)	  	  decreased	  
core	   resisBvity	   (~	   T-‐3/2)	   	  
further	   current	   peaking,	  
decreased	  q(0)	  

-‐(1,1)	   internal	   kink	   instability	  
triggered	  when	  q(0)	  <	  1,	  which	  
rearranges	   magneBc	   flux	   and	  
fla^ens	  temperature	  profile	  

-‐Cycle	  repeats	  

Normal	  sawtooth	  mode	  



Giant	  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	  

-‐EnergeBc	   parBcle	   populaBon	  
(e.g.	   induced	  by	  RF	  heaBng,	  or	  
fusion	  reacBons)	  alters	  stability	  
of	  internal	  kink	  mode	  

-‐Higher	   temperatures	   and	  
stored	   energies	   achievable	  
even	  with	  q(0)	  <	  1	  

-‐Terminates	   like	   a	   normal	  
sawtooth	  crash,	  but	  with	  larger	  
amplitude	  

-‐PotenBal	   trigger	   for	   ELMs,	  
NTMs,	   large	   heat	   transfer	   to	  
vessel	  wall	  

Giant	  sawtooth	  mode	  

“slow	  leak”	  descripBon	  
	  “sos	  β	  limit”	  



Sawtooth	  stability	  

Hot-‐parBcle	  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-‐parBcle	  
kineBcs	  explain	  everything?	  

Role	  of	  two-‐fluid	  effects?	  



Hot-‐parBcle	  sawtooth	  stabilizaBon	  	  
in	  NIMROD:	  computaBonal	  approach	  
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Momentum	  equaBon	  has	  an	  extra	  term:	  

ConBnuum	  kineBc:	  

	  represented	  by	  moments	  of	  Eric’s	  soluBon	  to	  dris-‐kineBc	  equaBon	  

KineBc	  PIC:	  

	  represented	  by	  moments	  of	  evolving	  PIC	  distribuBon	  
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Current	  form	  of	  hot-‐parBcle	  pressure	  tensor	  contribuBon:	  slowing-‐down	  distribuBon	  

fα =
P0 exp(Pζ /ψ n )
ε 3/2 + εc

3/2

Pζ
ψ n

εc

canonical	  toroidal	  momentum	  

normalized	  poloidal	  flux	  

criBcal	  slowing-‐down	  energy	  



Relevant	  CEMM	  milestones	  

Year	  4	   Year	  5	  

Sawtooth	   Apply	  conBnuum	  closure	  models	  for	  
energeBc	  and	  thermal	  ions	  to	  the	  
Giant	  Sawtooth	  problem	  (Tech-‐X).	  

ConBnue	  linear	  modeling	  of	  sawtooth	  
stabilizaBon	  in	  DIII-‐D	  shot	  96043	  	  
(Tech-‐X).	  

Demonstrate	  nonlinear	  evoluBon	  of	  
sawtooth	  with	  conBnuum	  kineBc	  
closures	  and	  extended	  MHD	  Ohm’s	  law	  
(Tech-‐X/USU).	  

Model	  development	  -‐
con7nuum	  kine7c	  
(with	  Eric	  Held)	  

Improve	  parallel	  scaling	  of	  kineBc	  
closures	  (USU).	  

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

Model	  development	  -‐
kine7c	  PIC	  

Begin	  new	  parBcle	  parallelizaBon	  
development	  for	  NIMROD	  (Tech-‐X).	  

Complete,	  test,	  and	  apply	  the	  new	  
parBcle	  parallelizaBon	  in	  NIMROD	  
(Tech-‐X).	  



ConBnuum	  and	  kineBc	  PIC	  benchmarks	  

hot-‐parBcle	  β	  fracBon	  
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Em	  =	  peak	  energy	  of	  slowing-‐down	  
distribuBon	  funcBon	  

EnergeBc	  parBcle	  kink	  stabilizaBon,	  
fishbone	  destabilizaBon	  as	  β	  fracBon	  
increased	  

StabilizaBon	  (3rd	  adiabaBc	  invariant	  –	  
toroidal	  precession	  of	  energeBc	  trapped	  
parBcles	  modifies	  MHD)	  requires	  

	  ωpd/γR	  >>	  1	  
(growth	  slow	  compared	  to	  precession)	  
but	  for	  these	  cases,	  	  	  	   	  	  

	  ωpd/γR	  =	  1.5	  (42	  keV)	  
	  ωpd/γR	  =	  10	  (281	  keV)	  

Can	  we	  run	  at	  high	  enough	  energies	  and	  
Lundquist	  numbers	  to	  achieve	  full	  
stabilizaBon?	  (parBcle	  populaBon	  in	  
phase	  space)	  

How	  much	  does	  the	  form	  of	  the	  hot-‐
parBcle	  distribuBon	  funcBon	  ma^er?	  

Related	  issues	  

PIC	  approach	  is	  considerably	  more	  expensive	  computaBonally	  –	  iniBal	  focus	  on	  conBnuum	  	  

energeBc	  parBcle	  

stabilizaBon	  



ConBnuum	  closures	  –	  hot-‐parBcle	  RF	  tail	  

(from	  Eric	  Held)	  

High-‐energy	  tail	  and/or	  thermal	  ions	  needed	  for	  stabilizaBon	  (only	  parBal	  stabilizaBon	  
	  achieved	  from	  slowing-‐down	  distribuBon)	  

ConBnuum	  closure	  developments	  include	  high-‐energy	  tail	  model	  –	  further	  tesBng	  
	  needed	  to	  assess	  efficacy	  

(from	  Eric	  Held)	  



Plan	  of	  acBon	  going	  forward	  

Dalton’s	  runs	  essenBally	  characterize	  the	  2-‐fluid	  and	  MHD	  behavior	  of	  sawtooth	  modes	  
	  (and	  also	  provide	  a	  solid	  foundaBon	  as	  I	  come	  up	  to	  speed	  on	  this	  project)	  

From	  this	  data,	  can	  explore	  the	  underlying	  physics	  of	  linear	  sawtooth	  stability	  

Near-‐term	  goal	  –	  publish	  these	  results	  in	  Physics	  of	  Plasmas	  
	  -‐Working	  with	  NERSC	  to	  arrange	  for	  ownership	  transfer	  of	  exisBng	  data;	  then,	  
	   	  will	  need	  to	  sort	  out	  what	  is	  useful	  
	  -‐May	  need	  guidance	  on	  analyBc	  work	  while	  sorBng	  out	  the	  salient	  physics	  

Longer-‐term	  goal	  –	  gaining	  physics	  insights	  with	  NIMROD	  
	  -‐get	  experience	  using	  conBnuum	  kineBc	  model	  capabiliBes	  
	  -‐assess	  code	  performance	  improvements	  necessary	  to	  address	  PIC	  model	  issues	  
	  -‐examine	  the	  effect	  of	  more	  general	  hot-‐parBcle	  distribuBon	  funcBons	  

Milestone	  –	  DIII-‐D	  shot	  96043	  modeling	  


