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Satura&on	
  is	
  a	
  fron&er,	
  despite	
  long	
  history,	
  because	
  historical	
  
approaches	
  are	
  too	
  simple	
  	
  

Historical	
  approaches	
  (before	
  comprehensive	
  numerical	
  models)	
  
	
  	
  	
  Sta&s&cal	
  smoothing	
  of	
  nonlinearity	
  (renormaliza&on,	
  closure)	
  
	
  	
  	
  One-­‐step	
  approaches	
  to	
  balancing	
  of	
  instability	
  	
  
	
  	
  	
  energy	
  input	
  with	
  nonlinearity	
  

	
  Nonlinear	
  energy	
  transfer	
  to	
  high	
  k	
  	
  
	
  Quasilinear	
  flaXening	
  of	
  driving	
  gradient	
  
	
  Change	
  of	
  eigenmode	
  to	
  modify	
  drive	
  	
  
	
  	
  	
  and/or	
  damping	
  

Mul&ple	
  cons&tuents	
  and	
  complexity	
  of	
  their	
  	
  
interac&ons	
  were	
  not	
  recognized	
  or	
  treated	
  

Agreement	
  with	
  experiment	
  was	
  fortuitous	
  
	
  

	
  	
  

1985	
  	
  TEXT/theory	
  

1976	
  ATC/theory	
  



Outline	
  

Descrip&on	
  of	
  various	
  feedback	
  loops	
  for	
  interplay	
  of	
  cons&tuents	
  
	
  Known	
  interac&ons	
  
	
  Examples	
  
	
  Key	
  ques&ons	
  

Approaches	
  
Impacts	
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Turbulent	
  transport	
  feedback	
  on	
  growth	
  rate	
  makes	
  transport	
  
intrinsically	
  nonlocal	
  and	
  nondiffusive	
  

Local	
  transport	
  modifica&ons	
  of	
  profiles	
  couple	
  across	
  a	
  driving	
  gradient	
  
profile	
  

	
  	
  Produces	
  nonlocal	
  avalanche-­‐like	
  transport	
  events	
  
	
  	
  Tends	
  to	
  drive	
  profile	
  to	
  a	
  subcri&cal	
  value,	
  modifying	
  instability	
  
	
  	
  Transport	
  becomes	
  fundamentally	
  nonlocal,	
  nondiffusive,	
  and	
  bursty	
  
	
  
	
  
How	
  do	
  transport	
  modifica&ons	
  of	
  instability	
  affect	
  zonal	
  flow	
  drive,	
  damped	
  

mode	
  excita&on,	
  and	
  their	
  contribu&ons	
  to	
  satura&on?	
  



Integra&on	
  of	
  feedback	
  loops	
  in	
  self	
  organized	
  process	
  and	
  other	
  
considera&ons	
  

Feedback	
  loops	
  have	
  been	
  probed	
  in	
  isola&on	
  
	
  How	
  do	
  they	
  fit	
  together?	
  

What	
  happens	
  in	
  different	
  regions	
  of	
  plasma,	
  e.g.,	
  core,	
  pedestal,	
  edge?	
  
How	
  is	
  picture	
  modified	
  when	
  there	
  are	
  scale	
  separa&ons?	
  

	
  –Between	
  zonal	
  flows	
  and	
  instability	
  
	
  –Between	
  damped	
  modes	
  and	
  zonal	
  flows	
  

Same	
  instabili&es	
  occur	
  for	
  tokamak,	
  RFP,	
  stellarator,	
  but	
  satura&on	
  can	
  be	
  
different	
  	
  -­‐	
  	
  can	
  above	
  processes	
  explain	
  differences?	
  

How	
  do	
  boundaries	
  affect	
  satura&on	
  process?	
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Approaches	
  II:	
  study	
  mul&ple	
  configura&ons	
  

Different	
  confinement	
  configura&ons	
  (tokamak,	
  stellarator,	
  RFP)	
  have	
  same	
  
set	
  of	
  microturbulence	
  instabili&es	
  (and	
  driving	
  gradients)	
  and	
  zonal	
  flow	
  
phenomenology	
  

Confinement	
  configura&ons	
  have	
  very	
  different	
  magne&c	
  shear,	
  safety	
  
factors,	
  collisionality,	
  β values	
  

Theory	
  and	
  simula&on	
  studies	
  across	
  configura&ons	
  allows	
  separa&on	
  of	
  
drive	
  from	
  nonlinear	
  satura&on	
  processes	
  

Different	
  configura&ons	
  also	
  have	
  different	
  diagnos&c	
  capabili&es	
  
Theory	
  and	
  simula&ons	
  should	
  be	
  compared	
  for	
  mul&ple	
  configura&ons	
  using	
  

full	
  valida&on	
  prescrip&ons	
  (Terry	
  et	
  al.,	
  PoP,	
  2008)	
  	
  



Impacts	
  

Satura&on	
  governs	
  transport	
  in	
  fusion	
  devices	
  and	
  energiza&on	
  in	
  astrophysics	
  
Thorough	
  understanding	
  will	
  lead	
  to	
  

	
  •improved	
  transport	
  models	
  
	
  •validated	
  modules	
  for	
  integrated	
  modeling	
  
	
  •predic&ve	
  capability	
  
	
  •transport	
  reduc&on	
  strategies	
  

Satura&on	
  scenario	
  described	
  above	
  is	
  not	
  universal	
  but	
  applies	
  to	
  	
  
	
  •microturbulence	
  in	
  tokamaks,	
  RFPs,	
  and	
  stellarators	
  
	
  •Damped	
  modes	
  occur	
  in	
  many	
  other	
  instabili&es	
  	
  
	
  (Rayleigh-­‐Taylor,	
  Kelvin-­‐Helmholtz,	
  current	
  sheets)	
  

Zonal	
  flows	
  are	
  analogous	
  to	
  large	
  scale	
  symmetry-­‐breaking	
  structures	
  in	
  GFD	
  
	
  Zonal	
  flows	
  in	
  stratosphere,	
  planetary	
  zonal	
  flows,	
  Taylor-­‐Proudman	
  
columns	
  


