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Gyrokinetic simulations:	  
Recent	  achievements	  and

new	  opportunities



Fluid	  models	  don’t	  work	  – use	  (gyro-‐)kinetics!

α	  =	  particle	  species
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...from	  the	  Liouville	  equation	  via	  the	  BBGKY	  hierarchy

Hot  and/or  dilute  plasmas  are  only  weakly  collisional:	   6D	  Vlasov-‐Maxwell	  equations

Strong	  backgroundmagnetic field:
Eliminate fast	  gyromotion;	  consider
slow dynamics of guiding centers

Gyrokinetic motion 

 

!  Particle motion used to determine  
f (r, v, t) = particles with velocity v at position r 
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GYROKINETICS

Brizard	  &	  Hahm	  2007

Reduction	  of	  effort	  by
~12	  orders	  of	  magnitude
(elimination	  of	  irrelevant
spatio-‐temporal	  scales	  &
reduction	  from	  6D	  to	  5D)

Additional	  gain	  from	  using
field-‐aligned	  coordinates



Gyrokinetic codes:	  GENE…
l First	  GENE	  publication:	  Jenko et	  al., Phys.	  Plasmas	  2000
l Grid-‐based	  code	  with	  numerical	  methods	  like	  in	  Computational	  Fluid	  Dynamics
l GENE	  is	  a	  family	  of	  codes:	  flux-‐tube,	  global-‐tok,	  full-‐flux-‐surface,	  global-‐stell,	  SOL

l Open	  source	  policy;	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
world-‐wide user	  base:
genecode.org

Part	  of	  an	  ecosystem	  of
GK	  codes:	  ORB5,	  GYSELA,
ELMFIRE,	  EUTERPE,	  GKW,
GS2,	  GYRO,	  GTC,	  XGC,	  GKV,
GT5D	  etc.

Scientific	  institutions	  using	  GENE



Gyrokinetics and	  supercomputing
~90%	  of	  the	  machine

Tilman Dannert

Optimizing	  large-‐scale	  (GK)	  codes	  on	  pre-‐exascalesystems	  may	  take	  person-‐years
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Speedup w.r.t 2048 nodes

Strong	  scaling	  of	  GENE	  on	  Titan



Gyrokinetics within	  a	  multi-‐fidelity	  approach
An	  example:

more	  complete
physics

faster
• High-‐fidelity	  models	  provide	  reliable	  predictive	  capability
• Lower-‐fidelity	  models	  foster	  high-‐throughput	  computing
• Both	  are	  needed	  – together



Towards	  a	  virtual	  fusion	  plasma:	  GK	  backbone
Increasing  fidelity  &  modeling  capability  with  increasing  computing  power

Frank	  Jenko,	  Basel	  2018

Gigaflops
Core:  ion-scale  
electrostatic  
physics  in  
simplified  
geometry

Exaflops
Core-edge  coupled  
studies  of  whole-
device  ITER,  incl.  
turbulence,  MHD  
instability, fast  
particles,  heating,  
and  plasma-wall  
interactions

Beyond
Whole  device  
modeling  of  all  
relevant  fusion  
science

Petaflops
Core:  adding  
electron-scale  
physics

Edge:  adding  
kinetic  electron  
electrostatic  
physics

Teraflops
Core:  adding  
kinetic  electron
electromagnetic  
physics  in  a  torus  

Edge:  ion+neutral
electrostatic  
physics  in  a  torus

Acknowledgements:	  ECP Goals:	  prepare and interpret ITER discharges,	  guide the development of power	  plants



Recent	  achievements	  (1st example):
Role	  of	  electron-‐scale	  turbulence



1	  ion	  gyroradius

Jenko+	  PoP 2000;	  Dorland+	  PRL	  2000	  

GENE:	  Experimental	  relevance	  of	  electron-‐temperature-‐gradient	  (ETG)	  driven	  turbulence

In	  the	  adiabatic	  electron/ion	  limit,	  linear	  ITG	  and	  ETG	  modes
are	  isomorphic,	  but	  nonlinearly,	  this	  “symmetry”	  is	  broken!

Intrinsic	  scalings (mixing	  length): Jenko &	  Dorland	  
PRL	  2002	  

ETG	  turbulence	  can	  be	  experimentally	  relevant



electrons

ions

Modified	   Cyclone	  Base	  Case	  parameters	  (R/LTi =	  5.5)

Multi-‐scale	  turbulence:	  ITG-‐ETG	  interactions
Görler &	  Jenko,	   PRL	  2008



Close	  to	  marginality,	  ion-‐scale	  turbulence	  is	  enhanced
via	  damping	  of	  ion-‐scale	  zonal	  flows	  by	  ETG	  turbulence

Maeyama+	  PRL	  2015

𝛽

𝛽 = 0.4% 𝛽 = 2%

Multi-‐scale	  turbulence:	  ETGs	  affect	  ion	  scales



Multi-‐scale	  turbulence:
Flux	  matching	  of	  a	  C-‐Mod	  L-‐mode	  discharge

Howard+	  NF	  2016



PioneeringGENE	  multi-‐scale
simulationof a	  TCV	  discharge,
from systemsize to ion gyro-‐
radius to electron gyroradius

Told+	  (to be published)
Cmp.	  Jenko+	   IAEA	  2012	  /	  NF	  2013
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Using	  deuterium	  mass	  ratio!
(~10M	  core-‐hours)

Multi-‐scale	  turbulence	  in	  TCV-‐ITB	  discharge



Recent	  achievements	  (2nd example):
Turbulence	  in	  the	  pedestal	  region	  



Towards	  the	  edge	  /	  pedestal:	  Some	  challenges

Strongly	  shaped	  geometry
• Requires	  high	  resolution

Steep	  gradients
• Large	  zoo	  of	  microinstabilities

Breakdown	  of	  gyrokinetics?

• Stephens	  PoP 2017,	  On	  the	  limitations	  of	  gyrokinetics:	  Magnetic	  moment	  conservation
• Groselj ApJ 2017,	  Fully	  kinetic	  versus	  reduced-‐kinetic	  modeling	  of	  collisionless plasma	  turbulence
• Told	  NJP	  2016,	  Comparative	  study	  of	  gyrokinetic,	  hybrid-‐kinetic	  and	  fully	  kinetic	  wave	  physics	  for	  space	  plasmas
• Muñoz	  PoP 2015,	  Gyrokinetic and	  kinetic	  particle-‐in-‐cell	  simulations	  of	  guide-‐field	   reconnection



First	  GK	  pedestal	  simulations	  (ASDEX	  Upgrade)

GENE



Hatch+  NF  2016

experiment
Jenko+	  PoP

2009
(cm

p.	  Told+	  PoP
2008)

GENEDominant	   ion-‐scale	  microinstability in
the	  JET-‐ILW	  pedestal:	  important	   role
of	  microtearing modes,	  with	  additional
contributions	   from	  electron	  scales	  and
neoclassics

JET  #82585
GENE  simulations

ITER	  pedestal	  may	  differ	  from	  known	  pedestals

Hatch	  et	  al.,	  NF	  2016



Recent	  achievements	  (3rd example):
Verification,	  Validation	  &	  Uncertainty	  Quantification



Verification	  and	  validation
Code  verification:  Are  we  solving  the  equations  right?

First  benchmark  of  global  electromagnetic  GK  codes  [Görler PoP 2016]

Code  validation:  Are  we  solving  the  right  equations?
Can  gyrokinetics describe  outer-core  L-mode  plasmas?  [Görler PoP 2014]

Happel PPCF  2017

Cmp.,  e.g.,  Holland  PoP 2009  &  2011;;
Told  PoP 2013;;  Navarro  PoP 2015  etc.



Bridging	  turbulence	  and	  transport	  time	  scales

Get  turbulent  
fluxes  from  
GENE

Evolve  
profiles  with  
TRINITY AUG  #13151  (H-mode)

M.  Barnes  et  al.,  PoP 17    (2010)



Extension	  to	  global	  gyrokinetic simulations

Parker	  et	  al.,	  Nucl.	  Fusion	  2018

Global	  gyrokinetic code:	  GENE
Transport	  code:	  TANGO



The	  crucial	  role	  of	  Uncertainty	  Quantification	  (UQ)

Towards	  a	  Predictive	  Computational	  Science

Example:
Integrated	  Data	  Analysis
via	  Bayesian	  statistics



Turbulence,	  transport,	  and	  UQ

Farcas+	  arxiv



New	  opportunities	  (1st example):
Connecting	  different	  physical	  processes



The	  multiscale,	  multiphysics challenge

Many	  nonlinear	  interactions;	  we	  cannot	  use	  a	  simple	  “superposition	  principle”



Turbulence	  in	  the	  presence	  of	  magnetic	  islands

Bañón Navarro+	  PPCF	  2017
Bardóczi	  PoP	  2017	  
(cmp.	  Hornsby+	  PPCF	  2016)

EXP	  (DIII-‐D)

SIM	  (GENE)



Turbulence	  in	  the	  presence	  of	  energetic	  particles

From	  JET	  to	  AUG	  advanced	  scenarios

Lack  of  ion  profile  stiffness  in  JET
Fast-ion  impact  on  turbulence:
Citrin,  Jenko et  al.,  PRL  2013

EXP

Maxwellian PDFs

realistic	  PDFs

Towards	  steady-‐state	  operation	  in	  AUG

Bock	  NF	  2017

Doerk NF	  2018

JET	  dischargeswith NBI-‐heated D	  and ICRH-‐
heated 3He	  investigatedwith EP	  distributions from
NEMO/SPOT	  and TORIC/SSFPQL

Di	  Siena	  2018



Turbulence	  suppression	  by	  EP-‐driven	  modes
Di	  Siena	  et	  al.	  NF	  2019

ITG	  turbulence

ITG
TAE

Linearly	  stable	  TAEs	  are	  nonlinearly	  excited	  by	  the	  ITG	  turbulence,	  leading
to	  an	  enhancement	  of	  ZF	  activity	  and	  a	  suppression	  of	  the	  ITG	  turbulence



Interaction	  of	  Alfvénic modes	  and	  turbulence
Physics	  of	  energetic	  particles	  included	  in	  GK	  turbulence	  simulations;	  
both	  phenomena	  are	  treated	  on	  the	  same	  footing

Important	  step	  towards	  better	  understanding	  of	  burning	  plasmas

A.	  Biancalani et	  al.,	  to	  be	  published

Poloidal cross	  section	  of	  a
Beta-‐induced	  Alfvén	  Eigenmode
(BAE)	  excited	  by	  an	  EP	  population
in	  the	  presence	  of	  ITG	  turbulence

ORB5



New	  opportunities	  (2nd example):
Taking	  GK	  from	  the	  core	  into	  the	  SOL



Merlo,	  Dominski et	  al.

Whole-‐device	  modeling:	  Coupling	  GENE	  &	  XGC



Full-‐f	  version	  of	  GENE	  for	  the	  SOL

Pan	  et	  al.,	  PoP 2018



Some	  other	  efforts	  to	  take	  GK	  into	  the	  SOL

COGENT	  (M.	  Dorf et	  al.):	  Full-‐f	  grid-‐based	  code

Gkeyll (A.	  Hakim	  et	  al.):	  Full-‐f	  grid-‐based	  code

GYSELA-‐X	  (Y.	  Sarazin et	  al.):	  Full-‐f	  Semi-‐Lagrangian code

PICLS	  (M.	  Boesl et	  al.):	  Full-‐f	  PIC	  code

2.	  3D2V	  simulations1.	  1D1V	  simulations0.	  Code	  
development

Current	  status:	  3D	  implementation

Shi	  et	  al.,	  PoP 2019



New	  opportunities	  (3rd example):
“Transport-‐by-‐design”	  for	  stellarators



Optimized	  stellarators:	  Wendelstein 7-‐X	  (2015-‐)
Complex	  plasma	  shape,	  optimized	  via	  HPC

Next	  step:	  Take	  turbulence	  into	  account



New	  GENE-‐3D	  code:	  Applications	  to	  W7-‐X

GENE-‐3D	  is	  a	  full-‐torus	  (“global”)	  gyrokinetic turbulence	  code	  for
non-‐axisymmetric	  geometries	  like	  stellaratorsor	  perturbed	  tokamaks

Maurer,	  Bañón Navarro	  et	  al.



GENE

Proof-‐of-‐principle:Magnetic	  geometries,	  optimized	  for	  turbulent	  transport	  via	  

successive	  MHD	  equilibria,	  using	  simple	  “cost	  functions”	  and	  GK	  simulations

Vision:	  “Transport-‐by-‐design”

Mynick+  PRL  2010

Xanthopoulos+  PRL  2014

Terry+  PoP 2018

Hegna+  PoP 2018

Lobsien+  submitted  to  NF



Outlook



In	  recent	  years,	  enormous	  progress	  has	  been	  made	  in	  the	  area	  of	  computational	  
gyrokinetics,	  increasingly	  explaining	  experiments	  qualitatively	  and	  quantitatively

New	  opportunities	  include	  the	  self-‐consistent	  description	  of	  different	  physical	  
processes,	  the	  application	  of	  GK simulations	  to	  the	  SOL,	  and	  "transport-‐by-‐design”	  
for	  stellarators (and	  tokamaks)

Overarching	  goal:	  Contribute	  to	  the	  gradual	  development	  of	  a	  validated	  predictive	  
capability	  (“virtual	  fusion	  plasma”),	  helping	  to	  accelerate	  fusion	  energy	  research

The	  big	  picture


