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Computational  plasma
physics  at  the  exascale:

Goals,  obstacles,  and  new  ideas



Black  hole  accretion  disks

Turbulence is widely recognized
as an important open problem
in modern physics & astrophysics

Tokamak  plasmas  (here:  JET)

Stellar  dynamics

Our  plasma  universe:  More  than  99%  of  
the  visible  universe  is  in  a  plasma  state



How  the  Sun  shines:  Fusion  energy
Fusion  of  4  protons
in  several  stages

Idea:    D-T  fusion  as  a  new  source  of  CO2 free  
energy  for  the  21st century  and  well  beyond



The  resources for fusion energy
are practically unlimited

Deuterium in  a  bath tub full of water and Lithium (to produce
Tritium)  in  a  used laptop battery suffice for a  family over 50  years



The  next  step  for  fusion research:  ITER



Magnetic
confinement in  a  
large  tokamak

Goal:  500  MW
of fusion power

Problem:
Turbulent  transport

www.iter.org

Key  challenge:  Plasma  confinement



Gyrokinetic plasma  turbulence  (GENE)

genecode.org



Cluster

Solar  Probe+

„The  understanding of the small-scale termination of the turbulent  energy
cascade in  collisionless plasmas is nowadays one of the outstanding
unsolved problems in  space plasma physics“  (Bruno  &  Carbone,  2013)

MMS

Solar  Orbiter

Grand  Challenge:  Turbulent  dynamics



Dissipation  in  KAW  turbulence  (GENE)

Largest such  simulations to date:  Told,  Jenko,  TenBarge,  Howes,  and Hammett,  PRL  2015

2016
law !f"0:3. It is worth recalling here that GK theories

predict the power laws k"7=3
? for the magnetic field spec-

trum and k"1=3
? for the electric field spectrum at these

subproton gyroscales [13,14]. The fact that the electric
field spectrum continues with a nearly zero spectral slope
above f # 10 Hz is due to reaching the noise level of the
EFW experiment.

The present observations suggest that the energy of the
turbulence is only slightly damped at the proton gyroscale
!p and undergoes another dispersive cascade with the
scaling f"2:3. Any strong damping would have led to a
much steeper spectrum, if not to a clear cutoff [6].
Steepening of spectra (e.g., from k"5=3 to k"7=3) below
the proton scale can indeed be explained solely by disper-
sive effects as has been predicted by various nondissipative

dispersive MHD models [8,9,20,21]. However, as we show
below, finite dissipation may occur at the proton scale !p

along with more significant damping at the electron gyro-
scale !e. This latter may explain the stronger steepening of
the spectrum to f"4 (the power law fits in the dissipation
range may be not very accurate because they extended over
less than a decade due to the noise level of the instrument).
This scenario of dispersive cascade and dissipation at

electron scales appears consistent with Kinetic Alfvén
Wave (KAW) turbulence as predicted by the GK theory

[13,14]. The predicted scalings B2 ! k"7=3
? and E2 ! k"1=3

?
are in striking agreement with these observations. KAW
turbulence has been observed previously [7,22], but only at
large (proton) scales (up to 10 Hz). Here, we are observing
KAW behavior down to electron scales where enhanced
dissipation becomes evident. This can be explained by
electron Landau damping, as it is shown below.
To confirm this scenario of KAW energy cascade and

dissipation, we have solved numerically the Maxwell-
Vlasov equations [23] assuming Maxwellian distributions
of protons and electrons with characteristics that reflect the
physical parameters deduced from the data. We assumed
that the turbulence was quasi-two-dimensional (2D), i.e.,
kk $ k?. This assumption is justified by an analysis (not
shown here) that used the k-filtering technique [19] on the
k-vectors distribution at large scales (f < 10"2 Hz). That
analysis confirmed the 2D nature at large scales. This 2D
picture at large scales is likely to continue at the small
scales as reported in previous studies [19,22]. Several
previous observations have also reported the dominance
of the 2D turbulence in the SW [21,24].
The results shown in Fig. 5 prove that under the plasma

conditions observed here, KAW can propagate over a wide
range of scales before being damped at the electron gyro-

FIG. 4 (color online). Spectra of data from spacecraft 4 in the
Despun System of reference (DS): Ey measured by EFW (bold
black curve) and Bz measured by FGM and STAFF-SC merged
at 1.5 Hz (light line; green online). The straight black lines are
direct power law fits of the spectra. Vertical arrows are the
Doppler-shifted proton and electron gyroradius and inertial
lengths.

FIG. 5 (color online). Linear solutions of the Maxwell-Vlasov
equations for " ¼ arccosðk;B0Þ ¼ 89:99(, obtained using the
plasma parameters given in the text. The real part of the
frequency (black line) and the damping rate (light line; red
online) are consistent with the kinetic Alfvén wave dispersion
relation and damping [6,13]. The dashed line is the asymptote
!=!cp ¼ kkVA=!cp. The plots stop at scales where j#j!!r.

FIG. 3 (color online). High-pass filtered power spectra of the
parallel (green line) and perpendicular (blue line) of the mag-
netic fluctuations measured by STAFF-SC during the time sub-
intervals !t1 (a) and !t2 (b) shown on Fig. 1. Dotted line is the
STAFF-SC noise level. The straight black lines are direct power
law fits of the spectra. Vertical arrows are defined in the text.
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Cluster  observations



Evolution  of  gyrokinetic simulations

Hot,  dilute  plasmas  are  
collisionless (i.e.,  kinetic)

Grid-based  gyrokinetic
codes  use  a  grid  in  a  5D  
configuration-velocity  
space

One  starts  to  feel  the  
“curse  of  dimensionality”  

1980 1990 2000 2010

First  particle-in-cell
codes (Lee  et  al.)

Frieman  &  Chen
NL  GK  equations

1982

First  grid-based
codes (Jenko et  al.)

GENE
simulation
of  plasma  
turbulence
in  the
ASDEX
Upgrade
tokamak



• Modes  of  operation:  delta-f  &  full-f;;  flux-tube  &  full-torus

• Unique  combination  of  various  finite  difference/volume  &  spectral  methods (CFD)

• Comprehensive  physics

• Publicly  available,  world-wide  user  base

• Output  to  date:  ~150  papers  (~20  PRLs)

• Scales  well  on  leading  HPC  systems,
is  part of the Unified  European  Application
Benchmark  Suite  (PRACE  Research  Infrastructure)

Example:
Strong  scaling  on  JUGENE

GK  Vlasov code  GENE (Jenko et  al.,  1999  –)
http://genecode.org



Goals,  obstacles,
and  new  ideas



First  simulation  from  system  size  to  electron gyroradius  with  real (D)  
mass  ratio  for  a  moderate-size  tokamak  (TCV)

Challenge  1:  Multiscale,  multiphysics runs

>  107 core-hours  (single  run)
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Challenge  2:  Comprehensive  validation
Need  to test our capablities over a  wide range of devices

Example:  W7-X  is a  $1  billion project at  Greifswald  which
started operation a  few weeks ago;;  it will  be a  great testbed
for our predictive capabilities

GENE  simulation  of  W7-X



Challenge  3:  Truly  predictive  capability
Towards a  „virtual tokamak“

To prepare and interpret ITER  discharges,  and to guide the development and

optimization of future power  plants,  need to go from postdiction to prediction

ASDEX  Upgrade

JET

ITER



New  ideas
Some important examples:

n Structure-preserving schemes

n Multiscale,  multiphysics schemes

n Minimize time-to-solution  (!)

n Efficient 5D  grids (curse of dimensionality)

n Algorithmic approaches to resilience (exascale)

n Sparse grid techniques...




