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Outline

๏ Rich fundamental physics and applications of astrophysical and 
laboratory plasmas

๏ The Particle-in-Cell (PIC) methodology to model plasmas

๏ Examples of applications in astrophysical and laboratory plasmas

๏ Conclusions and perspectives
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Microscopic plasma processes underly fundamental questions in space/astrophysics
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and radiation sources

http://physicsworld.com

Radiation 
emission

https://science.nasa.gov

by S. F. Martins

Cosmic ray 
acceleration

Achieving controlled fusion energy 
in the lab

Lawrence Livermore National Laboratory

Structure 
formation

Hubble Space Telescope, NASA

Inertial confinement 
fusion

Plasma
channel

Laser
pulse

Accelerating
electron beam

Laser wake field 
acceleration
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Overview of simulation methodologies in plasma physics

Kinetic 
Description

Fluid 
Description

MHD 
Codes

Hybrid Codes
Vlasov, Fokker-
Planck Codes

Particle 
Codes

Compute the motion of a collection of 
charged particles, interacting with 
each other and with external fields
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The particle-in-cell methodology

๏Particle-particle simulations                       

(# operations ∝ N2) 

๏Particle-Mesh simulations            

(# operations ∝ N) 

• Fields + densities

• Long range interactions

๏Additional MC binary Coulomb 
collision module can model short 
range interactions

Particle-in-cell methodology*Modeling kinetic physics
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The particle-in-cell methodology

MC binary Coulomb collisions*Modeling kinetic physics

๏Particle-particle simulations                       

(# operations ∝ N2) 

๏Particle-Mesh simulations            

(# operations ∝ N) 

• Fields + densities

• Long range interactions

๏Additional MC binary Coulomb 
collision module can model short 
range interactions
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code features
· Scalability to ~ 1.6 M cores
· SIMD hardware optimized
· Parallel I/O
· Dynamic Load Balancing
· QED module
· Particle merging
· GPGPU support
· Xeon Phi support

osiris framework
· Massivelly Parallel, Fully Relativistic  

Particle-in-Cell (PIC) Code 
· Visualization and Data Analysis Infrastructure
· Developed by the osiris.consortium

⇒  UCLA + IST

Ricardo Fonseca: ricardo.fonseca@tecnico.ulisboa.pt
Frank Tsung: tsung@physics.ucla.edu
http://epp.tecnico.ulisboa.pt/  
http://plasmasim.physics.ucla.edu/

O i ir ss
3.0

OSIRIS: a state-of-the-art PIC code for the modeling of plasmas

mailto:ricardo.fonseca@ist.utl.pt?subject=
mailto:tsung@physics.ucla.edu?subject=
http://epp.tecnico.ulisboa.pt
http://plasmasim.physics.ucla.edu/
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• Scaling tests on LLNL Sequoia
4096 → 1572864 cores (full system)

• Warm plasma tests
Quadratic interpolation
uth = 0.1 c

• Weak scaling
Grow problem size
cells = 2563 × ( Ncores / 4096 )
23 particles/cell

• Strong scaling
Fixed problem size
cells = 20483 
16 particles / cell

Efficient strong scaling to 1.6 million cores

Scaling Tests

F. Fiúza et al. (2013)

Speedup
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SIMD units

SSE/2/3/4Altivec

Cell

PowerXCell

GPUs

CUDA

Pushing the limits of PIC simulations

๏  Dynamic load-balancing 
๏  Relativistic boosted frames 
๏  High-order particle shapes 
๏  Advanced field solvers 
๏  Reduced physics algorithms for specific physical regimes

Hardware 
optimization via 

hardware-specific 
routines

Algorithm 
optimization
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Laser FusionAstrophysics Plasma Accelerators
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Amplify magnetic fields  & 
accelerate cosmic rays

Compress & heat      
fusion fuel

Accelerate particles in 
compact systems

PIC codes drive plasma physics research in a broad range of areas
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Relativistic plasma jets

web.ct.astro.it

Plasma instabilities can convert the enormous 
kinetic energy of these plasma outflows into 
E/B-fields, energetic particles and radiation

Supernovae explosion

http://physicsworld.com

How do extreme astrophysical systems shine?
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W. Zhang et al., ApJL (2009)

Hydrodynamic shear flows

Magnetohydrodynamic (MHD) shear flows

Unmagnetized collisionless shear flows

E. P. Alves et al., ApJL (2012)

http://wikipedia.org

Magnetic field
structures

Electron density
structures

Shear flow configurations are pervasive in nature

http://wikipedia.org
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by J. L. Martins
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ɣe-e+ = 104

σ⟂ = 2 σ∥ = 2c/⍵pe
Parameters Rchannel = 4 σ⟂

ne-e+ = 1017 cm-3

Propagation ≃ 50 cmSI

relativistic
e-e+ beam

hollow 
channel

v0

v0

E. P. Alves et al. PPCF 58, 014025 (2015) E. P. Alves | 3rd December 2016 | BASCD@Stanford | Stanford, CA

Exploring microphysics of relativistic collisionless shear flows in the laboratory

~106 particles
~106 time steps
1M core hours
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Figure 1: Experimental configuration for instability measurements on OMEGA.
Several ns after the opposing plasma streams begin interpenetrating, the interac-
tion region is probed by a quasi-monoenergetic proton source, which is deflected
by the magnetic fields in the system. The protons are imaged using CR39 film,
revealing filamentary magnetic field structure.

protons at 14.7 MeV. The protons that pass through the plasma interaction
region are deflected by the magnetic fields in the system, and are recorded
using CR39 film. There are several striking features in the proton imaging
data, shown in Fig. 2 a). First, oriented along the flow direction is a pattern
of filamentary structures, consistent with Weibel filamentation in the counter-
propagating flows. These filaments span⇠700 µm above and below the midplane
(0 on the y-axis of the image) and extend relatively uniformly over the horizontal
field of view of the image. In addition to the filaments, two horizontal magnetic
“plates” are seen above and below the midplane, producing bars of increased
proton fluence approximately 400 µm apart. These large-scale magnetic features
have been observed in previous experiments with similar geometries [13, 17],
and are understood to be the result of the initial Biermann battery B-fields
in the system [18]. These fields are created at the target surface during the
laser ablation [19, 20] and are frozen in the flow, following the e↵ective electron
trajectory. In the central region, the longitudinal electron velocity from the
two flows is cancelled and the B-fields cannot readily cross the midplane, being
mainly advected transversely and causing the formation of two magnetic plates
[18].

In order to better understand both the Weibel- and Biermann battery-
generated magnetic fields in the experimental system, we have conducted de-
tailed 3-dimensional particle-in-cell (3D PIC) simulations with the code OSIRIS
[21, 22] to model the counter-streaming plasma flows and the generation of EM
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delivered 4:3! 0:1 kJ to the target by overlapping ten
‘‘drive beams’’ onto the ablator, centered in the square
cutout of the gold washer. Each beam had a temporal
profile with 100 ps rise and fall times, a nominally flat
top, and a full width at half maximum of 1.0 ns, and had
an intensity profile whose shape is described by
exp½#ðr=430 !mÞ4:7&, where r is the distance from the
center of the profile. The peak intensity of all ten over-
lapped beams was 8' 1014 W=cm2. The low intensity
wings of the laser spot were masked by the Au washer,
which prevented the disruption of the PAI-CHI blocks and
the surrounding Be shock tube.

X-ray radiography was used to diagnose the target evo-
lution at t ¼ 25, 45, and 75 ns with respect to the start of
the drive beam pulse. At the specified time interval an
additional three beams, each with a nominal energy of
450 J, a 1 mm diameter spot size, and a temporal pulse
shape like that of the drive beams, were overlapped onto
the rear of a 200' 200' 5 !m V foil attached to a 2'
2 mm polystyrene substrate. The laser-heated V plasma
generated x rays from the He-" transition (5.18 keV).
Some x rays propagated through the V foil and through a
tapered (20 to 35 !m diameter) pinhole aperture in a
50 !m thick Ta substrate located 500 !m from the V
foil and 10 mm from the center of the shock tube. The V
x rays transmitted through the target were incident on a
single piece Agfa D7 film, later digitized. The film was
exposed for the temporal duration of the x-ray emission

()1 ns). The inherent spatial resolution of the image cor-
responds to the resolution element established by the pin-
hole size. Nearly all of the of the opacity of the target was
concentrated in the CHI layer in the center of the shock
tube.
The laser ablation of material from the polystyrene

surface created an initially large pressure ()50 Mbar)
that drove a strong shock into the polystyrene. When the

FIG. 2 (color). X-ray radiographs of three identical targets that
show the formation of large Kelvin-Helmholtz roll-ups. These
radiographs were captured at 25 ns (a), 45 ns (b), and 75 ns (c)
after the start of the drive beam pulse. Here the origin of the x
and y axes was defined by the nominal position of the drive
beams on the polystyrene ablator. The placement of the axes on
the images is accurate to within 10%. The Au grid was distorted
by the blast wave when it broke out from the inside of the shock
tube and struck the grid. These images are displayed with no
postprocessing.

FIG. 1 (color). A cross-sectional view of the Kelvin-
Helmholtz target. The sinusoidal perturbation had a wavelength
of 400 !m and a peak-to-valley amplitude of 60 !m. The Au
grid was attached to the outside of the shock tube, but it is shown
here for clarity.
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Mimicking extreme space/astrophysical scenarios via intense laser-matter interactions

KHI in HED 
shear scenario

B-fields via Weibel 
instability

E.C. Harding et al., Phys. Rev. Lett. (2009)
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Intense lasers drive lab exploration of extreme plasma phenomena

C. Huntington, F. Fiuza, S. Ross et al. Nat. Phys. (2015)
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High damage 
threshold

in plasmas

Idamage = 1012W/cm2

Solid state optics

Plasmas

Idamage = 1017W/cm2

Plasma-based laser amplifiers promise next-generation laser energy-densities
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Figure 1 | Schematic illustrations of various processes occurring during Raman amplification. Left: illustration of the Raman amplification process. A long
pump pulse (frequency !0, wavenumber k0, red) and a counterpropagating short probe pulse (frequency !0 �!p, wavenumber !p/c�k0, blue) are
injected into a plasma slab and couple through a plasma wave (frequency !p, wavenumber 2k0 �!p/c, green). Here, !p =

p
e

2
n0/("0me) is the plasma

frequency, n0 denotes the plasma electron density, e the elementary charge, me the electron mass and "0 the vacuum permittivity. This leads to energy
transfer from the pump pulse to the probe pulse, which is then amplified to many times the intensity of the pump pulse, whereas the pump itself is mostly
depleted. Right: illustration of a generic parametric instability, for example stimulated Raman scattering, modulational instability or filamentation
instability. An electromagnetic wave E0 couples to a density perturbation �n and generates an electromagnetic daughter wave E1. This daughter wave in
turn couples to the wave E0 to enhance the density perturbation �n. The closed feedback loop leads to unstable growth of both E1 and �n.

Table 1 | Summary of the simulation results, for various values of the pump intensity and plasma density, and a fixed pump
wavelength of � =800nm, that is, !0 ⌘ 2⇡c/� = 2.36⇥1015 rad s�1.

!0/!p

Pump FWHM intensity (W cm�2) 10 14 20 40

1⇥ 1014 RFS ⇠1017 1⇥ 1017 ineff.
1⇥ 1015 RFS, fil. 4⇥ 1017 4⇥ 1017 ineff.
1⇥ 1016 RFS RFS RFS, fil. RFS, ineff.

The plasma density n0 is expressed as the ratio of the laser frequency !0 and the plasma frequency !p. For each case where the probe was strongly amplified while retaining a smooth envelope, the
FWHM probe intensity is shown in W cm�2. For each case where the probe was either poorly amplified or did not have a smooth profile, the reason (Raman forward scattering (RFS), filamentation (fil.),
low energy-transfer efficiency (ineff.)) is listed. It follows clearly that the pump FWHM intensity should not exceed 1⇥1015 W cm�2, and 14!0/!p 20, that is, 1.8⇥1019 cm�3 �n0 �4.5⇥1018 cm�3.
A higher pump intensity leads to a higher absolute probe intensity, but the highest relative amplification is found for lower pump intensities because probe saturation is postponed in that case.

Although these issues narrow the parameter window for effective
Raman amplification down considerably, we have been able to
identify a parameter regime in which a 4 TW, 700 µm full-width
at half-maximum (FWHM), 25-ps-long laser pulse with 800 nm
wavelength can be amplified to 2 PW peak intensity with 35%
efficiency, as shown in Fig. 2a and discussed below. In addition, we
show that the same process can be scaled appropriately to compress
a 250-fs-long, 0.2-µm-wide soft-X-ray pulse (10 nm wavelength),
as produced by facilities like FLASH or LCLS, to subfemtosecond
duration and 500 TWpeak power, that is,⇠1021 W cm�2.

The trade-off between increasing the efficiency and limiting
the growth of unwanted instabilities, which follows from the
results in Table 1, can also be recovered from known analytical
results. We studied the number of e-foldings that will occur
over a 4mm interaction length, as used in the simulations, for
the following processes: RBS of the pump, Raman near-forward
scattering of the pump and filamentation of the probe. These
instabilities have the following growth rates: � = (!0a0/2)

p
!p/!0

for RBS (ref. 3), � = !pa0
p

!p/!0 for RFS (ref. 3) and
� = (a20/8)(!2

p/!0) for filamentation in the short-pulse limit30.
Here, a0 denotes the dimensionless, scaled field amplitude:
a0 ⌘ 8.55⇥ 10�10

p
I0�2 (W cm�2 µm2), where I0 denotes the peak

intensity of the laser beam (pump or probe) under consideration.
For an 800 nm pump wavelength �, the results are shown
in Fig. 3b,c. In Fig. 3b, the number of e-foldings G versus
plasma frequency !p is shown for a fixed pump amplitude of
a0 =0.03 (1⇥1015 W cm�2), and in Fig. 3c, the number of e-foldings
G versus pump amplitude a0 is shown for a fixed plasma frequency
of !0/!p = 20. It has been found that for those parameters where
the analytic expressions predict that G < 10 the simulated pump
and probe will be well behaved, whereas the simulated pulses

will become unstable for parameters where G > 10 is predicted
(compare Table 1). The simulation shown in Fig. 2a corresponds
to a maximized RBS growth rate while keeping G < 10 for both
pump RFS and probe filamentation, which can be used as a
guiding principle. It should be noted that the ‘realistic number’
of e-foldings alluded to in ref. 2 has now been determined
quantitatively as G= 10.

In all simulations presented in this paper, the pump laser beam
has awavelength of 800 nm, that is,!0 ⌘2⇡c/�=2.36⇥1015 rad s�1,
unless otherwise specified. In our one-dimensional simulations,
the pump duration was 25 ps (corresponding to 4mm probe
propagation) and the initial probe duration was 50 fs, and the initial
probe intensity was equal to the pump intensity. Good results
have been obtained for !0/!p = 14–20, that is, a plasma density
between 4.5⇥ 1018 and 9⇥ 1018 cm�3, and a pump intensity of
1014–1015 W cm�2, whereas using a pump intensity of 1016 W cm�2

or more triggers instabilities such as RFS and filamentation that
destroy the probe profile. A high plasma density (>1.8⇥1019 cm�3,
or !0/!p  10) also triggers unwanted instabilities, as shown in
Fig. 4, whereas using a low plasma density (<4.5⇥ 1018 cm�3, or
!0/!p > 20) leads to a poor energy-transfer efficiency, as shown
in Fig. 3a. For the above parameter window, the probe will be
amplified to 400–1,000 times the pump intensity, reaching an
FWHM intensity of several times 1017 W cm�2. Note that the probe
duration increases during the early stages of the amplification
process, whereas this duration decreases again during the later
stages, as predicted in ref. 2. At this point, either the probe growth
will saturate or the probe profile will be destroyed by RFS or
filamentation (see below). Thus, the most reliable way to increase
the total power of the amplified probe is to attempt to amplify
wide pulses (spot diameters of 1mm or more). This requires a

88 NATURE PHYSICS | VOL 7 | JANUARY 2011 | www.nature.com/naturephysics

Plasmas as laser-
amplifying media

http://www.spicatech.com
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Conclusions

๏  PIC codes are a powerful tool to model kinetic physics (microphysics) of plasmas

๏  Current HPC resources enable PIC simulations of large-scale domains, revealing 
self-consistent interplay between plasma microphysics and global evolution

๏  PIC codes are successfully being used to guide and interpret laser-plasma 
experiments

๏  Combination of improved PIC algorithms + HPC is revolutionizing plasma science 
across different applications


