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Full scale simulations for laboratory 
and astrophysical plasma acceleration
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code features!
· Scalability to ~300 K cores !
· SIMD hardware optimized!
· Tunnel (ADK) and Impact Ionization!
· Optimized higher order splines!
· Parallel I/O (HDF5)!
· Boosted frame in 1/2/3D!
· Ponderomotive guiding center

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@ist.utl.pt!
Frank Tsung: tsung@physics.ucla.edu!
http://cfp.ist.utl.pt/golp/epp/  
http://exodus.physics.ucla.edu/

OSIRIS 2.0 is a massively parallel, fully relativistic !
particle-in-cell code for plasma simulations.
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Preliminary results indicate 2-3x speedup on Xeon Phi.

Performance Comparison 1 CPU vs. 1 MIC

CPU

MIC

Performance [ M Particles / s ]

0 100 200 300 400 500

127,2

50,1

229,2

72,9

332,3

113,3

497,1

215,7

linear
quadratic
cubic
quartic

CPU Intel Xeon E5-2660 @ 2.20GHz (8 cores)!

MIC Intel Xeon Phi 5110p @ 1.053 GHz (60 cores) 

• Intel Xeon Phi is a very promising accelerator 
board for PIC simulations!

– Memory hierarchy similar to standard CPU 
node!

– Efficient cpu (x86) code can translate to 
MIC effectively!

– Additional vector instructions support 
(masking, gather) improve SIMD 
performance!

• Results show significant speedup from 1 CPU 
(8 cores) to 1 MIC (60 cores)!

– 2.3× to 3.14× speedup!

• Manual vectorization of PIC algorithm was crucial, 
especially for lower interpolation levels!

– Follow same strategy as AVX/SSE code!

– 3.18× to 5.56× faster than auto 
vectorization

R. A. Fonseca et al (2014)
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Unique supercomputing resources at SuperMUC lead to!
transformative simulations in laboratory and astrophysical plasmas.

Compact plasma accelerators towards High 
Energy Physics

Plasma processes at the generation of 
cosmic rays and gamma ray bursts

Research on plasma accelerators focused on: !

‣ Full scale modelling of experiments at CERN 
and at SLAC!

‣ First positron acceleration configurations 
in strongly non-linear regimes

We explored plasma processes at the origin of long-
standing astrophysical puzzles:!

‣ Astrophysics in the laboratory!
‣ Novel magnetic field generation mechanisms 
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Plasmas support strong electric fields capable to!
accelerate particles to high energies in short distances

T. Tajima and J.M. Dawson Phys. Rev. Lett. 43 267 (1979)!
P. Chen, J. Dawson et al Phys. Rev. Lett. 54 693 (1985)

WAKE IN WATER 
meter scale

WAKE IN PLASMA 
micron scale

Wake Driver 

Boat vs. Laser pulse/
particle bunch

“Speeding” Surfers! “Speeding” Surfers!

Plasma acceleration is similar to sea wave surfing Pioneering work in 70s-80s opened a new field

Courtesy: V. Malka (LOA), K. Krushelnick (IC/RAL), W. Leemans (LBL)

First experiments in early 2000 demonstrated 
more than 1 GeV in 1 cm - equivalent to a 10 

meter long LINAC!

44 S C I E N T I F I C  A M E R I C A N  F E B R U A R Y  2 0 0 6

LASER WAKEFIELD ACCELERATOR
A tabletop plasma accelerator consists of a high-intensity 
laser beam focused on a supersonic jet of helium gas (left). 
A pulse of the beam produces a plasma in the gas jet, and the 
wakefi eld accelerates some of the dislodged electrons. 
The resulting electron pulse is collimated and passed through 
a magnetic fi eld, which defl ects the electrons by different 
amounts according to their energy. The whole accelerator 
can fi t on a four-foot-by-six-foot optical table.

Electron beams (panels at right) produced by the fi rst 
tabletop accelerator, at the Laboratory of Applied Optics at the 
Ecole Polytechnique in France, illustrate how a major obstacle 

was overcome. Although some electrons were accelerated to 
100 MeV, the electron energies ranged all the way down to 
0 MeV (a). Also, the beam diverged by about a full degree. In 
contrast, the results from the recently discovered “bubble” 
regime showed a 
monoenergetic beam of 
about 180 MeV with a 
much narrower angular 
spread (b). Such a beam 
is of greater use for 
applications. 

High-intensity 
laser beam

Accelerated 
electrons

Supersonic gas jet

Collimator

Electromagnet

Electron-sensitive 
image plate

magnitude. A plasma containing 1018 
electrons per cubic centimeter (an unex-
ceptional number) can generate a wave 
with a peak electric fi eld of 100 billion 
volts per meter. That is more than 1,000 
times more intense than the accelerating 
gradient in a typical conventional accel-
erator powered by microwaves. Now 
the catch: the wavelength of a plasma 
wave is only 30 microns, whereas the 
typical microwave wavelength is 10 cen-
timeters. It is very tricky to place a 
bunch of electrons in such a microscop-
ic wave.

The late John M. Dawson of the 
University of California, Los Angeles, 
fi rst proposed this general method of us-
ing plasmas to accelerate particles in 
1979. It took more than a decade before 
experiments demonstrated electrons 
surfi ng plasma waves and gaining en-
ergy. Three different technologies—
plasmas, accelerators and lasers—had 
to be tamed and made to work together. 
My group at U.C.L.A. accomplished 
that feat unambiguously in 1993. Since 
then, progress in this fi eld has been ex-
plosive. Two techniques in particular, 

called the laser wakefi eld accelerator 
and the plasma wakefi eld accelerator, 
are showing spectacular results. The la-
ser wakefi eld looks promising for yield-
ing a low-energy tabletop accelerator, 
and the plasma wakefi eld has the poten-
tial to produce a future collider at the 
energy frontier of particle physics.

Pulses of Light
ta bletop pl asm a accelerators are 
made possible today by intense, com-
pact lasers. Titanium-sapphire lasers 
that can generate 10 terawatts (trillion 
watts) of power in ultrashort light puls-
es now fi t on a large tabletop [see “Ex-
treme Light,” by Gérard A. Mourou and 
Donald Umstadter; Scientifi c Ameri-
can, May 2002].

In a laser-powered plasma accelera-
tor, an ultrashort laser pulse is focused 
into a helium jet that is a couple of mil-
limeters long. The pulse immediately 
strips off the electrons in the gas, pro-
ducing a plasma. The radiation pres-
sure of the laser bullet is so great that 
the much lighter electrons are blown 
outward in all directions, leaving be-

hind the more massive ions. These elec-
trons cannot go very far, because the 
ions pull them back inward again. 
When they reach the axis that the laser 
pulse is traveling along, they overshoot 
and end up traveling outward again, 
producing a wavelike oscillation [see 
box on preceding page]. The oscillation 
is called a laser wakefi eld because it 
trails the laser pulse like the wake pro-
duced by a motorboat.

The electrons actually form a bub-
blelike structure. Near the front of the 
bubble is the laser pulse that creates the 
plasma, and inside the rest of the bubble 
are the plasma ions. This bubble struc-
ture is microscopic, about 10 microns in 
diameter. The electric fi eld in the bubble 
region resembles an ocean wave but is 
much steeper. Although other structures 
are also possible, using the bubble re-
gime appears to be the most robust way 
to accelerate electrons.

If a device such as an electron gun 
introduces an external electron close to 
where there is an excess of electrons in 
the plasma, the new particle will experi-
ence an electric fi eld pulling it toward 
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Proton bunches available at CERN will be used in experiments !
providing a path towards the energy frontier

‣σr=200 μm ~ c/ωp !

‣σz=10 cm ~ 600 c/ωp!

‣Np=1011 particles!

‣500 GeV

‣n0 = 1014-1015 cm-3!

‣Lp = 5-10 meters ~ 104 c/ωp

Electron 
spectrometer

Proton beam 
dump

10 cm proton bunch Self-modulated 
bunch*

Test electron 
bunch

5 m plasma source

Accelerated 
electrons

A. Pukhov et al PRL 106 145003 (2011); C. Schroeder et al PRL 107 145002 (2011); 
N. Kumar et al PRL 104 255003 (2010)
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Self-modulation Instability leads to beamlets separated by the 
plasma wavelength that resonantly excite plasma waves.

Immobile background plasma ions to 
avoid deleterious effects associated 

with ion motion!
J. Vieira et al PRL 109 145005 (2012)
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Hosing is a competing instability that can lead to beam break-up. !
We found conditions for hosing suppression.

HI and SMI Competition!
‣ Initially self-modulation is visible!

‣Hosing leads to centroid oscillations!

‣Cork-screw shapes from SMI-HI competition

Beam breakup!
‣Hosing instability can dominate for longer 

propagation distances!

‣Beam breakup could destroy the bunch

Conditions for hosing free stable 
propagation!

J. Vieira et al PRL 112 205001 (2014)
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Recent experiments at SLAC showed evidences !
of self-modulation on long electron bunches.

‣n0 = 1016-1017 cm-3!

‣Lp = 0-1meter ~ 105 c/ωp

1 m plasma source

500 μm e- bunch

‣σr=10 μm ~ c/ωp !

‣σz=500 μm ~ 50 λp!

‣Np=1010 particles!

‣20 GeV
Self-modulated 
lepton bunch

Electron 
spectrometer

Beam optics

P. Muggli, J. Vieira et al, SLAC E-209 experiment (2014)!
J. Vieira et al PoP 19 063105 (2012)
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Positron acceleration in large amplitude plasma waves is an open question !
critical for future plasma based linear colliders.

World’s biggest wave (Nazaré, Portugal) 
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Positron acceleration configurations in strongly non-linear regimes:!
Self-driven hollow channels and donut shaped plasma waves.

Laguerre-
Gaussian laser

Positrons can accelerate in donut plasma waves

J. Vieira and J. T. Mendonça PRL 112 215001 (2014)

hollow electron 
bunch

doughnut plasma 
wave

positrons 
accelerate here

Self-driven hollow channels for e+ acceleration

Propagation direction

Witness 
positron bunch

Tightly focused 
positron driver

Hollow plasma 
channel for positron 

acceleration

L.D. Amorim et al, in preparation (2014)

Each 3D simulation:!
2.5x105 CPU hours
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3D simulations of mm-long gas jets demonstrated a novel magnetic !
field generation mechanism in experiments performed at LOA.

Self-generated magnetic fields: fast 
particles (cosmic ray analogue) 

crossing plasma-neutral boundary

Simulations in quantitative 
agreement with experiments!

‣ Multi-level ionisation!
‣ 3x1010 cells!
‣ 6x1010 particles!
‣ 3x104 time steps!
‣ 0.4 million CPUh
A. Flacco, J. Vieira et al to be submitted (2014)

3D simulation of a plasma 
accelerator driven by a Gaussian 

laser propagating through a gas jet
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E. P. Alves et al Astrophysical Journal Letters, 746:L14 (2012) 
T. Grismayer et al Physical Review Letters, 111, 015005 (2013) 
T. Grismayer et al Plasma Physics and Controlled Fusion, 55, 124031 (2013) 
E. P. Alves New Journal of Physics, 16, 035007 (2014) 
E. P. Alves Submitted to PRL (2014)

‣ Generation of large-scale magnetic fields along the shear interface"
‣ Rich electron-scale dynamics"
‣ Radiation emission & particle acceleration in self-generated fields

3D simulations demonstrated magnetic field generation !
driven by shear flows through Kelvin Helmholtz Instability. 
P. Alves and T. Grismayer (2014)
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Conclusions.

Astrophysical scenarios!
‣ 3D simulations of mm-long gas jets (no moving 

window)!

‣ Novel magnetic field generation mechanisms 
relevant in astrophysics!

‣ Role of plasma instabilities in magnetic field 
generation and particle acceleration

Plasma acceleration!
‣ Full scale modelling of experiments at CERN 

(and also at SLAC)!
‣ Novel mechanisms were found capable to 

stabilize wakefield generation in experiments!
‣ First positron acceleration simulations in 

strongly non-linear regimes
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