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In silico exploration of the most 
extreme scenarios in astrophysics and 

in the laboratory: from gamma ray 
bursters to ultra intense lasers 
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Extreme scenarios are closely associated with particle acceleration 

BEAM LINE 41

is worthless unless (as discussed
above) higher interaction rates can
be generated, too. To succeed, the
density of the two beams must be
high enough—approaching that of
atoms in ordinary matter—and their
interaction cross sections must be
sufficient to generate an adequate
data rate. In colliding-beam machines
the critical figure is the luminosity
L, which is the interaction rate per
second per unit cross section. The
bottom graph on this page illustrates
the luminosity of some of these ma-
chines. In contrast to the constituent
collision energy, which has contin-
ued the tradition of exponential
growth begun in the Livingston plot,
the luminosity has grown much
more slowly. There are good reasons
for this trend that I will discuss
shortly.

Naturally there are differences
that must be evaluated when choos-
ing which particles to use in accel-
erators and colliders. In addition to
the energy advantage mentioned for
electrons, there are other factors. As
protons experience the strong inter-
action, their use is desirable, at least
in respect to hadron-hadron inter-
actions. Moreover, the cross sections
involved in hadron interactions are
generally much larger than those en-
countered in electron machines,
which therefore require higher lu-
minosity to be equally productive. 

Proton accelerators are generally
much more efficient than electron
machines when used to produce sec-
ondary beams of neutrons, pions,
kaons, muons, and neutrinos. But
electrons produce secondary beams
that are sharply concentrated in the
forward direction, and these beams
are less contaminated by neutrons.
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Peak luminosities achieved a t existing colliders and va lues
projec ted for p lanned or upgraded machines. The dashed line
ind ica tes luminosity increasing as the square of the center-of-
mass energy Note tha t the ra ted machine energy has been
used in ca lcula ting the absc issa . (Da ta upda ted courtesy
Greg Loew, SLA C)

Effective Collider Energies

W.K.H.Panofsky: The evolution of 
particle accelerators and colliders

“Laboratory” accelerators “Cosmic” accelerators

The next generation of (plasma) accelerators 
[J. D. Lawson, 1983]

Unravelling collisionless shock acceleration 
[A. R. Bell, 1978]

Swordy (2001), modified by William Hanlon, University of Utah 
(http://www.physics.utah.edu/~whanlon/spectrum.html).

W. K. H. Panosfky, !
The evolution of particle accelerators and colliders
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In silico experiments are critical for recent progresses

Supercomputers

’13 Peak computing power > 10 Pflop/s

Source: top500.org



In the project Manhathan 
(c. 1940) the cost of one 
floating point operation 
was ~ 10-3€ 
Operations performed in mechanical calculators.!
Cost of labour ~ 4 €/hour, assuming one operation per second. !
Total number of operation corresponding to 4 € = 1 flop/s 60 x 60 s 
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Today, in a graphics 
processor unit each 
floating point operation 
costs ~10-18 € 
GPU performs 0.5 Tflop/s and costs ~ 2000 euros.!
We assume a 3 year lifetime. Neglect the cost of electricity.!
Total number of operation for 2000 euros = 0.5 x 1012 flop/s x 3 x 365 x 24 x 60 x 60 s 
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Solving Maxwell’s equations on a grid with self-consistent 
charges and currents due to charged particle dynamics

Particle-in-cell (PIC) - (Dawson, Buneman,1960’s)!
Maxwell’s equation solved on simulation grid!
Particles pushed with Lorentz force

State-of-the-art!
~ 1010 particles!
~ (1000)3 cells!
!
RAM ~ 1 Gbyte - 5 TByte!
Run time: hours to months!
Data/run ~ few MB - 10s TByte!
!
One-to-one simulations of plasma 
based accelerators & cluster 
dynamics!
Weibel/two stream instability in 
astrophysics, relativistic shocks, 
fast igniton/inertial fusion energy, 
low temperature plasmas!

Particle-in-cell simulations

L. O. Silva | PRACE Days 2014 |  Barcelona, May 20 2014



New Features in v2.0!
· Bessel Beams !
· Binary Collision Module!
· Tunnel (ADK) and Impact Ionization!
· Dynamic Load Balancing!
· PML absorbing BC!
· Optimized higher order splines!
· Parallel I/O (HDF5)!
· Boosted frame in 1/2/3D

osiris framework!
!

· Massivelly Parallel, Fully Relativistic  
Particle-in-Cell (PIC) Code !

· Visualization and Data Analysis Infrastructure!
· Developed by the osiris.consortium!

⇒  UCLA + IST

OSIRIS 2.0

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/ L. O. Silva | PRACE Days 2014 |  Barcelona, May 20 2014
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Scaling to 1.6 million cores

Scaling Tests

Sim. Parallel 

LLNL Sequoia!
IBM BlueGene/Q!
#2 - TOP500 Nov/12!
1572864 cores!
Rmax 16.3 PFlop/s

Speedup
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Strong Scaling
Weak Scaling
Optimal

Efficiency @!
 1.6 Mcores!

97%!
75%

• 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

F. Fiúza et al. (2013) L. O. Silva | PRACE Days 2014 |  Barcelona, May 20 2014
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Demonstrate 10s GeV e- with 
lasers and tap on the potential of 
conventional accelerators and 
plasmas to reach the energy frontier!
!
Determine the conditions & 
observe Fermi acceleration by 
collisionless shocks !
in the laboratory !
!
“Boil the vacuum”!

What challenges lie ahead?

L. O. Silva | PRACE Days 2014 |  Barcelona, May 20 2014
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Contents

Laboratory accelerators  
In silico next generation of plasma accelerators

Cosmic accelerators   
Gamma rays bursters and collisionless shocks in the laboratory

In silico quasi vacuum and intense fields  
QED cascades

Summary  
Challenges on exascale computing
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Particle accelerators: rich science and applications
From compact to country size

Adapted from Tom Katsouleas (Duke)

Large 

Verified Standard Model of Particle 
Physics!

W, Z bosons!

Quarks, gluons and quark-gluon 
plasma!

Asymmetry of matter and anti-matter!

In pursuit of the Higgs boson 

Compact 

Medicine!
cancer therapy, imaging!

Industry!
lithography!

Light sources (synchrotrons)!
bio imaging!
condensed matter science 

International Linear Collider
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FEBRUARY 2006
W W W.SCIAM.COM

How to Protect 
New Orleans

from Future Storms

Tabletop Accelerators
Make Particles Surf on 

Plasma Waves

How to Stop
    Nuclear Terrorists

Guess Who
    Owns Your Genes?

CSI: Washington (George, that is)

Big Physics
     Gets Small

NETWORKING IN THE IMMUNE SYSTEM  •  NANOTECH BATTERIES

COPYRIGHT 2006 SCIENTIFIC AMERICAN, INC.
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PLASMA
ACCELERATORS
A new method of particle acceleration 
in which the particles “surf” on a wave of plasma 
promises to unleash a wealth of applications 

By Chandrashekhar Joshi

TABLE TOP ACCELER ATORS producing electron 
beams in the 100- to 200-million-electron-volt 
(MeV) range are just one type of machine made 
possible by plasma acceleration.
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Particle acceleration in nonlinear plasma waves

WAKE IN WATER 
meter scale

WAKE IN PLASMA 
micron scale

Wake Driver 

Boat vs. Laser pulse

“Speeding” 
Surfers!

Wakefield 

Height vs. Density 
modulations

L. O. Silva | PRACE Days 2014 |  Barcelona, May 20 2014
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Why plasmas?
Plasmas do not “break” under very large electric fields 

17S C I D A C  R E V I E W S P R I N G 2 0 0 6

Accelerator-based high-energy physics research
involves large international collaborations,
connected by the common goal of probing the
nature of our universe. As science advances
and its enabling tools increase in precision, we
need even sharper probes to push the frontiers
of discovery. This corresponds to the need for
increasing energies of the particle probes
obtained from accelerators. This in turn drives
a stronger effort to build effective global
collaborations to achieve these objectives.

The International Linear Collider project is
intended to explore energy regions previously
inaccessible to controlled experiments. Some
12 countries and about 20 group leaders are
teaming together to understand the compelling
questions that still elude answers — from the
structure of the universe and space–time to the
nature of dark matter, dark energy and extra
dimensions. The US high-energy physics
community is involved closely in this effort as
is the AST project.

ILC is designed as a 40 km-long collider that
will produce intensely concentrated beams
containing billions of high-energy electrons. It
will smash these into similar beams composed
of positrons, or antiparticles of electrons. As
these billions of representatives of our familiar
matter particles collide with and annihilate
their antiparticles, the extravaganza of
available energy is expected to realize new
thresholds for particles and resonances and
answer some of the outstanding questions
about super symmetry, Higgs bosons and
much more.

Current projections anticipate the use of
superconducting technology for the accelerator
cavities, and the planning and designing of this
fully international project is being led by an
international team headed by Barry Barish of
Caltech. As might be expected, computer-
based simulations are going to play a
dominant role in the planning and designing of
this proposed collider. A large part of the
machine costs pertain to the 20,000 cavities
that will be needed to accelerate the beams to
500 GeV. Simulations for the design of these
cavities and their electromagnetic structures,
undertaken by AST scientists, are of primary
importance as this project moves forward.

Scientists from the German Electron
Synchrotron (DESY), the High Energy Accelerator
Research Organization (KEK), the Thomas

Jefferson National Accelerator Facility (JLab),
FNAL, and SLAC are collaborating to investigate
an alternate cavity design for the ILC: the low-
loss (LL) design. This LL cell shape has less
cryogenic loss and higher accelerating gradient
than the standard shapes currently in use. While
recent experiments demonstrate that a single LL
cell can reach 46.5 MV/m as compared to the
35 MV/m achieved with standard cells, this high
gradient needs to be reproduced in a nine-cell
cavity to mimic ILC. In addition, it is important to
find ways to damp beam-generated higher-order-
modes (HOMs) in the cavity that can disrupt

beam transport down the beam line. 
Omega3P is formulated on tetrahedral mesh

with a curved surface and its success is
dictated by the combined use of finite element
basis functions and high-performance parallel
processing. Figure 8 shows the increasing
density samples in a test cavity. The
accompanying graph demonstrates that
quadratic elements provide much higher
accuracy for the same available memory and
that parallel processing platforms with higher
processor capabilities are needed for accurate
modeling of the entire cavity of nine cells.

T h e  I n t e r n a t i o n a l  L i n e a r  C o l l i d e r

Fig. 7. Model of the Superconducting Low-Loss (LL) Accelerator Cavity design for the ILC. The
side view (center) shows the nine cells, while the end views show the front Higher-Order Mode
(HOM) coupler (left) and the rear FPC/HOM couplers (right) respectively. Fig. 8. Mesh of
simplified test cavity with input coupler only. Fig. 9. Convergence of frequency error calculated
with Omega 3P versus required memory (blue is linear elements, red is quadratic elements).
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Maximum accelerating electric field 
determined by disruption of RF cavity 

walls

x 20 000 for ILC

RF cavities sustain 50 MeV/m

ILC 40 km long 

Plasmas can sustain 10’s GeV/m

ILC 40 km long 

E0[V/cm] ≈ 0.96 n0
1/2 [cm-3]  

n0 = 1018 cm-3 → E0 ≈ 1 GV/cm

mm to 21 mm since we increase the spacing between dielectric apertures to 3mm based. The gas 

injection was also changed: we added two new independent gas injection lines to the end cells so a 

discharge through the gas feeding system becomes less probable as well as to make the device 

compatible with future experiments in preparation. Finally a completely new design of the device was 

performed in order to solve some vacuum sealing problems as well as reduce the cost of the 

construction of the gas cell main body by about 1/2 (now costing about 600"). 

The design of the gas cell main body was made using one of the most advanced CAD systems in 

order to provide advanced training to the students in our team. The prototypes were produced by 

high-resolution stereolithography by a Portuguese company. The resin body received precision laser 

machined ceramic plates with the dielectric apertures aligned on axis by a straight tungsten wire of 

matching diameter. The development of refractory tungsten electrodes was not carried out due to 

insufficient funding and new cooper electrodes with 150 micron diameter holes where developed 

based on the previous design (this option limits the device lifetime to about 100000 shots due to 

cooper evaporation).

In Fig. 1 we can see a picture of the new device partially installed on the test facility at Laboratório de 

Lasers Intensos.

figure 1: Gas cell device partially installed at test facility for vacuum and DC discharge initial tests

POCI/FP/81925/2007 - Final Scientific Report

! 4

meter scale

cm scale

Plasmas can sustain waves with very 
large electric fields with relativistic 

phase velocities



Plasma Accelerator Progress and the 
“Accelerator Moore’s Law”

Courtesy: Tom Katsouleas (Duke) / Physics Today 2004
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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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2004 results confirm potential of laser-plasma accelerators

Monoenergetic beams of self-injected electrons
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Blow-out regime of laser wakefield acceleration

Self-injection, Dephasing, and Depletion
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normalized vector potential of the laser 
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Can LWFA reach the energy frontier !
with the next generation of lasers?
Next generation of lasers @ 10+ PW
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+40GeV with externally injected beams
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Applications for LWFA beams
HEP Collider & radiation
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Demonstration at LCLS

Probing before destroying

necessary improvement is to increase the dynamic range of the detec-
tors. In our experiments, there were shots extending to significantly
higher resolutions than those reported here but they contained too
many saturated pixels at low angles (more missing modes), prevent-
ing image reconstruction. With reproducible samples, where the experi-
ment can be repeated on a new object, a three-dimensional data set can
be collected, and the resolution extended (even from weak individual

exposures) by merging redundant data25–29. Studies of virus particles
with higher-intensity photon pulses and improved detectors could
answer the question of whether the core is reproducible to subnano-
metre resolution or whether the viral genome has the ‘molecular indi-
vidualism’ that genomic DNA structures explore in vitro30.
Note added in proof: In a previous study31, synchrotron radiation was
used to obtain X-ray diffraction data on a herpes virus.
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Figure 2 | Single-shot diffraction patterns on single virus particles give
interpretable results. a, b, Experimentally recorded far-field diffraction
patterns (in false-colour representation) from individual virus particles
captured in two different orientations. c, Transmission electron micrograph of
an unstained Mimivirus particle, showing pseudo-icosahedral appearance7.
d, e, Autocorrelation functions for a (d) and b (e). The shape and size of each
autocorrelation correspond to those of a single virus particle after high-pass
filtering due to missing low-resolution data. f, g, Reconstructed images after
iterative phase retrieval with the Hawk software package16. The size of a pixel
corresponds to 9 nm in the images. Three different reconstructions are shown
for each virus particle: an averaged reconstruction with unconstrained Fourier

modes19 and two averaged images after fitting unconstrained low-resolution
modes to a spherical or an icosahedral profile, respectively. The orientation of
the icosahedron was determined from the diffraction data. The results show
small differences between the spherical and icosahedral fits. h, i, The PRTF for
reconstructions where the unconstrained low-resolution modes were fitted to
an icosahedron. All reconstructions gave similar resolutions. We characterize
resolution by the point where the PRTF drops to 1/e (ref. 20). This corresponds
to 32-nm full-period resolution in both exposures. Arrows mark the resolution
range with other cut-off criteria found in the literature (Methods). Resolution
can be substantially extended for samples available in multiple identical
copies1,25–28.
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Single mimivirus particles intercepted and imaged
with an X-ray laser
M. Marvin Seibert1*, Tomas Ekeberg1*, Filipe R. N. C. Maia1*, Martin Svenda1, Jakob Andreasson1, Olof Jönsson1, Duško Odić1,
Bianca Iwan1, Andrea Rocker1, Daniel Westphal1, Max Hantke1, Daniel P. DePonte2, Anton Barty2, Joachim Schulz2,
Lars Gumprecht2, Nicola Coppola2, Andrew Aquila2, Mengning Liang2, Thomas A. White2, Andrew Martin2, Carl Caleman1,2,
Stephan Stern2,3, Chantal Abergel4, Virginie Seltzer4, Jean-Michel Claverie4, Christoph Bostedt5, John D. Bozek5,
Sébastien Boutet5, A. Alan Miahnahri5, Marc Messerschmidt5, Jacek Krzywinski5, Garth Williams5, Keith O. Hodgson6,
Michael J. Bogan6, Christina Y. Hampton6, Raymond G. Sierra6, Dmitri Starodub6, Inger Andersson7, Saša Bajt8,
Miriam Barthelmess8, John C. H. Spence9, Petra Fromme10, Uwe Weierstall9, Richard Kirian9, Mark Hunter10, R. Bruce Doak9,
Stefano Marchesini11, Stefan P. Hau-Riege12, Matthias Frank12, Robert L. Shoeman13, Lukas Lomb13, Sascha W. Epp14,15,
Robert Hartmann16, Daniel Rolles13,14, Artem Rudenko14,15, Carlo Schmidt14,15, Lutz Foucar13,14, Nils Kimmel17,18, Peter Holl16,
Benedikt Rudek14,15, Benjamin Erk14,15, André Hömke14,15, Christian Reich16, Daniel Pietschner17,18, Georg Weidenspointner17,18,
Lothar Strüder14,17,18,19, Günter Hauser17,18, Hubert Gorke20, Joachim Ullrich14,15, Ilme Schlichting13,14, Sven Herrmann17,18,
Gerhard Schaller17,18, Florian Schopper17,18, Heike Soltau16, Kai-Uwe Kühnel15, Robert Andritschke17,18, Claus-Dieter Schröter15,
Faton Krasniqi13,14, Mario Bott13, Sebastian Schorb21, Daniela Rupp21, Marcus Adolph21, Tais Gorkhover21, Helmut Hirsemann8,
Guillaume Potdevin8, Heinz Graafsma8, Björn Nilsson8, Henry N. Chapman2,3 & Janos Hajdu1

X-ray lasers offer new capabilities in understanding the structure of
biological systems, complex materials and matter under extreme
conditions1–4. Very short and extremely bright, coherent X-ray pulses
can be used to outrun key damage processes and obtain a single
diffraction pattern from a large macromolecule, a virus or a cell
before the sample explodes and turns into plasma1. The continuous
diffraction pattern of non-crystalline objects permits oversampling
and direct phase retrieval2. Here we show that high-quality diffrac-
tion data can be obtained with a single X-ray pulse from a non-
crystalline biological sample, a single mimivirus particle, which
was injected into the pulsed beam of a hard-X-ray free-electron laser,
the Linac Coherent Light Source5. Calculations indicate that the
energy deposited into the virus by the pulse heated the particle to
over 100,000 K after the pulse had left the sample. The reconstructed
exit wavefront (image) yielded 32-nm full-period resolution in a
single exposure and showed no measurable damage. The reconstruc-
tion indicates inhomogeneous arrangement of dense material inside
the virion. We expect that significantly higher resolutions will be
achieved in such experiments with shorter and brighter photon
pulses focused to a smaller area. The resolution in such experiments
can be further extended for samples available in multiple identical
copies.

Diffraction studies of crystalline samples have led to spectacular
breakthroughs in physics, chemistry and biology over the past hundred
years. Many important targets are difficult or impossible to crystallize,
and this creates systematic blank areas in the structural sciences. X-ray
lasers offer the possibility of stepping beyond X-ray crystallography, to
extend structural studies to single, non-crystalline particles or mol-
ecules1. In this Letter, we present results on biological imaging with

an X-ray free-electron laser, and bring together all the elements
required for structural studies of single, non-crystalline objects.

Mimivirus (Acanthamoeba polyphaga mimivirus) is the largest
known virus6. Its size is comparable to the size of the smallest living cells
(in fact, the name mimivirus stands for ‘microbe-mimicking virus’). The
viral capsid (0.45mm in diameter) has a pseudo-icosahedral appearance
and is covered by an outer layer of dense fibrils7,8. The total diameter of
the particle, including fibrils, is about 0.75mm. Mimivirus is too big for a
full three-dimensional reconstruction by cryo-electron microscopy7 and
its fibrils prevent crystallization. The genome9 has 1.2 million base pairs
(comparable to a small bacterium) and contains several genes previously
thought to be present only in cellular organisms, including components
of the protein translation apparatus. Mimivirus can be infected by a
smaller virus, named a ‘virophage’10, which seems to be the first example
of a virus behaving as a parasite of another virus8. Studies of mimivirus
are causing a paradigm shift in virology and have led to renewed debates
about the origin and the definition of viral and cellular life11.

Figure 1 shows the experimental arrangement for imaging single
virus particles. The sample injector, which uses aerodynamic focusing,
was mounted into the CFEL-ASG Multi-Purpose (CAMP) instru-
ment12 on the Atomic, Molecular and Optical Science (AMO) beam-
line13 at the Linac Coherent Light Source5 (LCLS). We recorded far-field
diffraction patterns at a reduced pressure (1026 mbar) to minimize
background scattering. Mimivirus was aerosolized from a volatile buffer
(250 mM ammonium acetate, pH 7.5) using a gas dynamic nebulizer14

in a helium atmosphere. The beam of adiabatically cooled virus particles
was guided through an aerodynamic lens stack (similar to the one
described in ref. 15) and entered the interaction zone with an estimated
velocity of 60–100 m s21. The particles were intercepted randomly by

1Laboratory of Molecular Biophysics, Department of Cell and Molecular Biology, Uppsala University, Husargatan 3 (Box 596), SE-751 24 Uppsala, Sweden. 2Center for Free-Electron Laser Science, DESY,
Notkestrasse 85, 22607 Hamburg, Germany. 3University of Hamburg, Notkestrasse 85, 22607 Hamburg, Germany. 4Information Génomique et Structurale, CNRS-UPR2589, Aix-Marseille Université,
Institut de Microbiologie de la Méditerranée, Parc Scientifique de Luminy, Case 934, 13288 Marseille Cedex 9, France. 5LCLS, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park,
California 94025, USA. 6PULSE Institute, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, California 94025, USA. 7Department of Molecular Biology, Swedish University of
Agricultural Sciences, Uppsala Biomedical Centre, Box 590, S-751 24 Uppsala, Sweden. 8Photon Science, DESY, Notkestrasse 85, 22607 Hamburg, Germany. 9Department of Physics, PSF470, Arizona
State University, Tempe, Arizona 85287-1504, USA. 10Department of Chemistry and Biochemistry, Arizona State University, Tempe, Arizona 85287-1604, USA. 11Advanced Light Source, Lawrence
Berkeley National Laboratory, Berkeley, California 94720, USA. 12Lawrence Livermore National Laboratory, 7000 East Avenue, Mail Stop L-211, Livermore, California 94551, USA. 13Max-Planck-Institut für
Medizinische Forschung, Jahnstrasse 29, 69120 Heidelberg, Germany. 14Max Planck Advanced Study Group, Center for Free-Electron Laser Science, Notkestrasse 85, 22607 Hamburg, Germany. 15Max-
Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany. 16PNSensor GmbH, Römerstrasse 28, 80803 München, Germany. 17Max-Planck-Institut Halbleiterlabor, Otto-Hahn-Ring
6, 81739 München, Germany. 18Max-Planck-Institut für Extraterrestrische Physik, Giessenbachstrasse, 85741 Garching, Germany. 19Universität Siegen, Emmy-Noether Campus, Walter Flex Strasse 3,
57068 Siegen, Germany. 20Forschungszentrum Jülich, Institut ZEL, 52425 Jülich, Germany. 21Institut für Optik und Atomare Physik, Technische Universität Berlin, Hardenbergstrasse 36, 10623 Berlin,
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Ultra intense x-ray sources will allow for imaging of larger systems with unprecedented 
contrast/resolution 

R. Neutze et al, Nature (2010)

Ultra fast fs sources allow for x-ray bioimaging
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Most exciting advances are (still) with beam drivers

before culture being about 20 hours. Tissues
from young individuals yield significantly
more cells per gram and these cells have a
higher proliferative capacity. Intrinsic differ-
ences in growth potential and/or lineage
potential may affect the utility of cell trans-
plantation or other applications for therapy.
Questions relating to the in vitro lifespan of
these cells and the role of telomerase10, as well
as the importance of DNA methylation, still
need to be addressed.

Using cells cultured from embryonic tis-
sues bypasses some of these concerns, but
also raises complex ethical and societal issues.
Careful evaluation and consideration of the
relative merits of post-mortem or adult-
derived cells and fetal progenitor cells will be
necessary.
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Boundary effects

Refraction of a 
particle beam

The refraction of light at an interface is
familiar as a rainbow or the ‘bending’ of
a pencil in a glass of water. Here we

show that particles can also be refracted and
even totally internally reflected, as evidenced
by an electron beam of 28.5!109 electron
volts being deflected by more than a milli-
radian upon exiting a passive boundary
between a plasma and a gas — the electron
beam is bent away from the normal to the
interface, just like light leaving a medium of
higher refractive index. This phenomenon
could lead to the replacement of magnetic
kickers by fast optical kickers in particle
accelerators, for example, or to compact
magnet-less storage rings in which beams are
guided by plasma fibre optics.

Refraction is caused by electrostatic plas-
ma fields set up when plasma electrons are

expelled by the collective space charge force
of the head of the beam. The plasma ions in
the beam path are more massive and remain,
constituting a positively charged channel
through which the latter part of the beam
travels. The ions provide a net force that
focuses the beam1,2. When the beam comes
close to the plasma boundary, the ion chan-
nel becomes asymmetric, producing a
deflecting force in addition to the focusing
force. This formation of an asymmetric plas-
ma lens3 gives rise to the bending of the beam
path at the interface.

The order of magnitude of this deflection
can be estimated, yielding an expression for
the deflection angle, ", as a function of the
incident angle, #. This is the effective non-
linear Snell’s law for the electron beam refrac-
tion, valid for # greater than ":

"$%8&Nre'/%(!"2()*z sin#'

where N/!"2(*z is the charge per unit length
of the beam, re is the classical electron radius,
) is the beam’s energy in units of mc 2 and + is
a factor of order one that is a weak function
of plasma density and bunch length. When #
is less than ", this equation breaks down and
the beam is internally reflected. Simulations4

show that "## (critical reflection) for small
values of #.

We tested this analytical model by using
the electron beam at the Stanford Linear
Accelerator Center (Final Focus test facility),
as described5,6. Sample results are shown in
Fig. 1 and compared with a full three-dimen-
sional electromagnetic particle-in-cell com-
puter simulation7. In Fig. 1a, the solid curve
represents the prediction from the model
(with +$0.2): for incident angles smaller
than 1.3 mrad, the beam appears to be inter-
nally reflected, in agreement with the model.

Figure 1b shows a snapshot of the real

brief communications
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space of the beam and plasma electron densi-
ty (turquoise) from a simulation. A transient
at the head of the beam is apparent because
of the finite time that it takes the plasma to
respond to the beam. The tail portion is
deflected towards the plasma and is near the
plasma boundary. The transient results in the
characteristic splitting of the beam images
downstream, as shown in Fig. 1c, d.

The simulations and experimental results
presented here show that it is possible to
refract and even reflect a particle beam from a
dilute plasma gas. Remarkably, for a 28.5-
GeV beam that can bore through several 
millimetres of steel, the collective effects of a
plasma are strong enough to ‘bounce’ the
beam off an interface that is one million
times less dense than air.
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Katsouleas*, Ralph Assmann†, Franz-Joseph
Decker†, Mark J. Hogan†, Richard Iverson†,
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Figure 1 Experimental and simulation
results demonstrating refraction of an
electron beam at a plasma–gas interface.
a, Actual electron-beam deflection (cir-
cles), measured using a beam-position
monitor, and the theoretical deflection
(blue line) as a function of the incident
angle. b, Simulation: perspective image of
a beam emerging from plasma
(turquoise); the inward motion of the plas-
ma electrons is visible as a depression in
the plasma surface behind the beam. 
c, Experiment: image of the beam down-
stream of the plasma, showing the
deflected beam and the undeflected tran-
sient (at the crosshairs); d, head-on view
of image in b. The beam consisted of
1.9!1010 electrons at 28.5 GeV in a
gaussian bunch of length *z$0.7 mm
and spot size *x#*y#40 ,m. The plas-
ma, with radius 2.3 mm, length 1.4 m
and density 1!1014 cm-3, was created by photoionization of lithium vapour by an ArF laser. The angle, #, between the electrons’ initial
trajectory and the plasma boundary was controlled by adjusting the tilt angle of the final laser-beam mirror.
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before culture being about 20 hours. Tissues
from young individuals yield significantly
more cells per gram and these cells have a
higher proliferative capacity. Intrinsic differ-
ences in growth potential and/or lineage
potential may affect the utility of cell trans-
plantation or other applications for therapy.
Questions relating to the in vitro lifespan of
these cells and the role of telomerase10, as well
as the importance of DNA methylation, still
need to be addressed.

Using cells cultured from embryonic tis-
sues bypasses some of these concerns, but
also raises complex ethical and societal issues.
Careful evaluation and consideration of the
relative merits of post-mortem or adult-
derived cells and fetal progenitor cells will be
necessary.
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Boundary effects

Refraction of a 
particle beam

The refraction of light at an interface is
familiar as a rainbow or the ‘bending’ of
a pencil in a glass of water. Here we

show that particles can also be refracted and
even totally internally reflected, as evidenced
by an electron beam of 28.5!109 electron
volts being deflected by more than a milli-
radian upon exiting a passive boundary
between a plasma and a gas — the electron
beam is bent away from the normal to the
interface, just like light leaving a medium of
higher refractive index. This phenomenon
could lead to the replacement of magnetic
kickers by fast optical kickers in particle
accelerators, for example, or to compact
magnet-less storage rings in which beams are
guided by plasma fibre optics.

Refraction is caused by electrostatic plas-
ma fields set up when plasma electrons are

expelled by the collective space charge force
of the head of the beam. The plasma ions in
the beam path are more massive and remain,
constituting a positively charged channel
through which the latter part of the beam
travels. The ions provide a net force that
focuses the beam1,2. When the beam comes
close to the plasma boundary, the ion chan-
nel becomes asymmetric, producing a
deflecting force in addition to the focusing
force. This formation of an asymmetric plas-
ma lens3 gives rise to the bending of the beam
path at the interface.

The order of magnitude of this deflection
can be estimated, yielding an expression for
the deflection angle, ", as a function of the
incident angle, #. This is the effective non-
linear Snell’s law for the electron beam refrac-
tion, valid for # greater than ":

"$%8&Nre'/%(!"2()*z sin#'

where N/!"2(*z is the charge per unit length
of the beam, re is the classical electron radius,
) is the beam’s energy in units of mc 2 and + is
a factor of order one that is a weak function
of plasma density and bunch length. When #
is less than ", this equation breaks down and
the beam is internally reflected. Simulations4

show that "## (critical reflection) for small
values of #.

We tested this analytical model by using
the electron beam at the Stanford Linear
Accelerator Center (Final Focus test facility),
as described5,6. Sample results are shown in
Fig. 1 and compared with a full three-dimen-
sional electromagnetic particle-in-cell com-
puter simulation7. In Fig. 1a, the solid curve
represents the prediction from the model
(with +$0.2): for incident angles smaller
than 1.3 mrad, the beam appears to be inter-
nally reflected, in agreement with the model.

Figure 1b shows a snapshot of the real
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space of the beam and plasma electron densi-
ty (turquoise) from a simulation. A transient
at the head of the beam is apparent because
of the finite time that it takes the plasma to
respond to the beam. The tail portion is
deflected towards the plasma and is near the
plasma boundary. The transient results in the
characteristic splitting of the beam images
downstream, as shown in Fig. 1c, d.

The simulations and experimental results
presented here show that it is possible to
refract and even reflect a particle beam from a
dilute plasma gas. Remarkably, for a 28.5-
GeV beam that can bore through several 
millimetres of steel, the collective effects of a
plasma are strong enough to ‘bounce’ the
beam off an interface that is one million
times less dense than air.
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Figure 1 Experimental and simulation
results demonstrating refraction of an
electron beam at a plasma–gas interface.
a, Actual electron-beam deflection (cir-
cles), measured using a beam-position
monitor, and the theoretical deflection
(blue line) as a function of the incident
angle. b, Simulation: perspective image of
a beam emerging from plasma
(turquoise); the inward motion of the plas-
ma electrons is visible as a depression in
the plasma surface behind the beam. 
c, Experiment: image of the beam down-
stream of the plasma, showing the
deflected beam and the undeflected tran-
sient (at the crosshairs); d, head-on view
of image in b. The beam consisted of
1.9!1010 electrons at 28.5 GeV in a
gaussian bunch of length *z$0.7 mm
and spot size *x#*y#40 ,m. The plas-
ma, with radius 2.3 mm, length 1.4 m
and density 1!1014 cm-3, was created by photoionization of lithium vapour by an ArF laser. The angle, #, between the electrons’ initial
trajectory and the plasma boundary was controlled by adjusting the tilt angle of the final laser-beam mirror.
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before culture being about 20 hours. Tissues
from young individuals yield significantly
more cells per gram and these cells have a
higher proliferative capacity. Intrinsic differ-
ences in growth potential and/or lineage
potential may affect the utility of cell trans-
plantation or other applications for therapy.
Questions relating to the in vitro lifespan of
these cells and the role of telomerase10, as well
as the importance of DNA methylation, still
need to be addressed.

Using cells cultured from embryonic tis-
sues bypasses some of these concerns, but
also raises complex ethical and societal issues.
Careful evaluation and consideration of the
relative merits of post-mortem or adult-
derived cells and fetal progenitor cells will be
necessary.
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Boundary effects

Refraction of a 
particle beam

The refraction of light at an interface is
familiar as a rainbow or the ‘bending’ of
a pencil in a glass of water. Here we

show that particles can also be refracted and
even totally internally reflected, as evidenced
by an electron beam of 28.5!109 electron
volts being deflected by more than a milli-
radian upon exiting a passive boundary
between a plasma and a gas — the electron
beam is bent away from the normal to the
interface, just like light leaving a medium of
higher refractive index. This phenomenon
could lead to the replacement of magnetic
kickers by fast optical kickers in particle
accelerators, for example, or to compact
magnet-less storage rings in which beams are
guided by plasma fibre optics.

Refraction is caused by electrostatic plas-
ma fields set up when plasma electrons are

expelled by the collective space charge force
of the head of the beam. The plasma ions in
the beam path are more massive and remain,
constituting a positively charged channel
through which the latter part of the beam
travels. The ions provide a net force that
focuses the beam1,2. When the beam comes
close to the plasma boundary, the ion chan-
nel becomes asymmetric, producing a
deflecting force in addition to the focusing
force. This formation of an asymmetric plas-
ma lens3 gives rise to the bending of the beam
path at the interface.

The order of magnitude of this deflection
can be estimated, yielding an expression for
the deflection angle, ", as a function of the
incident angle, #. This is the effective non-
linear Snell’s law for the electron beam refrac-
tion, valid for # greater than ":

"$%8&Nre'/%(!"2()*z sin#'

where N/!"2(*z is the charge per unit length
of the beam, re is the classical electron radius,
) is the beam’s energy in units of mc 2 and + is
a factor of order one that is a weak function
of plasma density and bunch length. When #
is less than ", this equation breaks down and
the beam is internally reflected. Simulations4

show that "## (critical reflection) for small
values of #.

We tested this analytical model by using
the electron beam at the Stanford Linear
Accelerator Center (Final Focus test facility),
as described5,6. Sample results are shown in
Fig. 1 and compared with a full three-dimen-
sional electromagnetic particle-in-cell com-
puter simulation7. In Fig. 1a, the solid curve
represents the prediction from the model
(with +$0.2): for incident angles smaller
than 1.3 mrad, the beam appears to be inter-
nally reflected, in agreement with the model.

Figure 1b shows a snapshot of the real
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space of the beam and plasma electron densi-
ty (turquoise) from a simulation. A transient
at the head of the beam is apparent because
of the finite time that it takes the plasma to
respond to the beam. The tail portion is
deflected towards the plasma and is near the
plasma boundary. The transient results in the
characteristic splitting of the beam images
downstream, as shown in Fig. 1c, d.

The simulations and experimental results
presented here show that it is possible to
refract and even reflect a particle beam from a
dilute plasma gas. Remarkably, for a 28.5-
GeV beam that can bore through several 
millimetres of steel, the collective effects of a
plasma are strong enough to ‘bounce’ the
beam off an interface that is one million
times less dense than air.
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Figure 1 Experimental and simulation
results demonstrating refraction of an
electron beam at a plasma–gas interface.
a, Actual electron-beam deflection (cir-
cles), measured using a beam-position
monitor, and the theoretical deflection
(blue line) as a function of the incident
angle. b, Simulation: perspective image of
a beam emerging from plasma
(turquoise); the inward motion of the plas-
ma electrons is visible as a depression in
the plasma surface behind the beam. 
c, Experiment: image of the beam down-
stream of the plasma, showing the
deflected beam and the undeflected tran-
sient (at the crosshairs); d, head-on view
of image in b. The beam consisted of
1.9!1010 electrons at 28.5 GeV in a
gaussian bunch of length *z$0.7 mm
and spot size *x#*y#40 ,m. The plas-
ma, with radius 2.3 mm, length 1.4 m
and density 1!1014 cm-3, was created by photoionization of lithium vapour by an ArF laser. The angle, #, between the electrons’ initial
trajectory and the plasma boundary was controlled by adjusting the tilt angle of the final laser-beam mirror.
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before culture being about 20 hours. Tissues
from young individuals yield significantly
more cells per gram and these cells have a
higher proliferative capacity. Intrinsic differ-
ences in growth potential and/or lineage
potential may affect the utility of cell trans-
plantation or other applications for therapy.
Questions relating to the in vitro lifespan of
these cells and the role of telomerase10, as well
as the importance of DNA methylation, still
need to be addressed.

Using cells cultured from embryonic tis-
sues bypasses some of these concerns, but
also raises complex ethical and societal issues.
Careful evaluation and consideration of the
relative merits of post-mortem or adult-
derived cells and fetal progenitor cells will be
necessary.
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Boundary effects

Refraction of a 
particle beam

The refraction of light at an interface is
familiar as a rainbow or the ‘bending’ of
a pencil in a glass of water. Here we

show that particles can also be refracted and
even totally internally reflected, as evidenced
by an electron beam of 28.5!109 electron
volts being deflected by more than a milli-
radian upon exiting a passive boundary
between a plasma and a gas — the electron
beam is bent away from the normal to the
interface, just like light leaving a medium of
higher refractive index. This phenomenon
could lead to the replacement of magnetic
kickers by fast optical kickers in particle
accelerators, for example, or to compact
magnet-less storage rings in which beams are
guided by plasma fibre optics.

Refraction is caused by electrostatic plas-
ma fields set up when plasma electrons are

expelled by the collective space charge force
of the head of the beam. The plasma ions in
the beam path are more massive and remain,
constituting a positively charged channel
through which the latter part of the beam
travels. The ions provide a net force that
focuses the beam1,2. When the beam comes
close to the plasma boundary, the ion chan-
nel becomes asymmetric, producing a
deflecting force in addition to the focusing
force. This formation of an asymmetric plas-
ma lens3 gives rise to the bending of the beam
path at the interface.

The order of magnitude of this deflection
can be estimated, yielding an expression for
the deflection angle, ", as a function of the
incident angle, #. This is the effective non-
linear Snell’s law for the electron beam refrac-
tion, valid for # greater than ":

"$%8&Nre'/%(!"2()*z sin#'

where N/!"2(*z is the charge per unit length
of the beam, re is the classical electron radius,
) is the beam’s energy in units of mc 2 and + is
a factor of order one that is a weak function
of plasma density and bunch length. When #
is less than ", this equation breaks down and
the beam is internally reflected. Simulations4

show that "## (critical reflection) for small
values of #.

We tested this analytical model by using
the electron beam at the Stanford Linear
Accelerator Center (Final Focus test facility),
as described5,6. Sample results are shown in
Fig. 1 and compared with a full three-dimen-
sional electromagnetic particle-in-cell com-
puter simulation7. In Fig. 1a, the solid curve
represents the prediction from the model
(with +$0.2): for incident angles smaller
than 1.3 mrad, the beam appears to be inter-
nally reflected, in agreement with the model.

Figure 1b shows a snapshot of the real
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space of the beam and plasma electron densi-
ty (turquoise) from a simulation. A transient
at the head of the beam is apparent because
of the finite time that it takes the plasma to
respond to the beam. The tail portion is
deflected towards the plasma and is near the
plasma boundary. The transient results in the
characteristic splitting of the beam images
downstream, as shown in Fig. 1c, d.

The simulations and experimental results
presented here show that it is possible to
refract and even reflect a particle beam from a
dilute plasma gas. Remarkably, for a 28.5-
GeV beam that can bore through several 
millimetres of steel, the collective effects of a
plasma are strong enough to ‘bounce’ the
beam off an interface that is one million
times less dense than air.
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Figure 1 Experimental and simulation
results demonstrating refraction of an
electron beam at a plasma–gas interface.
a, Actual electron-beam deflection (cir-
cles), measured using a beam-position
monitor, and the theoretical deflection
(blue line) as a function of the incident
angle. b, Simulation: perspective image of
a beam emerging from plasma
(turquoise); the inward motion of the plas-
ma electrons is visible as a depression in
the plasma surface behind the beam. 
c, Experiment: image of the beam down-
stream of the plasma, showing the
deflected beam and the undeflected tran-
sient (at the crosshairs); d, head-on view
of image in b. The beam consisted of
1.9!1010 electrons at 28.5 GeV in a
gaussian bunch of length *z$0.7 mm
and spot size *x#*y#40 ,m. The plas-
ma, with radius 2.3 mm, length 1.4 m
and density 1!1014 cm-3, was created by photoionization of lithium vapour by an ArF laser. The angle, #, between the electrons’ initial
trajectory and the plasma boundary was controlled by adjusting the tilt angle of the final laser-beam mirror.
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‣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
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Spatial-temporal SMI theory 
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Beam instabilities are critical to form accelerating structure

Self-modulation instability
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Gamma Ray Bursters
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Colliding flows of plasmas are pervasive in astrophysics
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The landscape of collisionless astro/space shocks
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Simulation apparatus

Collision of two relativistic plasma slabs
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Ion density

Shock formation and evolution
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Ion density and shock profile
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L. O. Silva | PRACE Days 2014 |  Barcelona, May 20 2014
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29GeV fireballs @ SLAC

Electrons!
Positrons

Beam filamentation and B-field generation

P. Muggli, S. F. Martins, J. Vieira, L. O. Silva, arXiv:1306.4380 (2013) L. O. Silva | PRACE Days 2014 |  Barcelona, May 20 2014



Numerical Parameters

๏ Dx = Dy = 0.25 c/wpe!
๏ 64 particles per cell!
๏ 109 particles!
๏ cubic interpolation

Reproducing GRB like shocks in lab

๏ λ0 = 1μm!

๏ I0 = 1020-1022 Wcm-2!
๏ τ0 = 1 ps

๏ L = 20 x 100 μm2 (wpi2)!
๏ ne0 = 10 nc - 100 nc !
๏ mi/me = 1836!

Physical Parameters

Laser

Plasma

Solid target

Intense laser

F. Fiúza et al., PRL, 2012 L. O. Silva | PRACE Days 2014 |  Barcelona, May 20 2014



[ωpi-1]

0                             20                            40                             60

15!
!

10     !
!

  5!
!

  0

10-2

-10-2

15!
!

10     !
!

  5!
!

  0

Collisionless shock launched with ultraintense laser
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QuickTime™ and a
 decompressor

are needed to see this picture.

Frederico Fiúza
GoLP/IPFN

Instituto Superior Técnico

F

Weibel Mediated Collisionless Shocks in Laboratory with Ultraintense Lasers

Shock/plasma density isosurfaces [np/n0] Shock accelerated protons 

Laser E-field [me c ωp e
-1]

- 101-2 2
B-field isosurfaces [me c ωp e

-1]

1.5 3.0

-0.15 0.15

Similar underlying physics/results in 3D 
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Electrostatic shocks can be generated in the laboratory

D. Haberberger et al., Nature Physics, January 2012 
F. Fiúza et al., Phys. Rev. Lett. 2012
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FIG. 3: Structure of the electrostatic shock and ion beam generated in the laser heated plasma.

a) The transversely averaged density profile is shown for t = 0 (dashed red) and after the shock is

formed (red), together with longitudinal electric field (blue). The ion phase space is shown at b)

10170!�1
0 and c) 17390!�1

0 . The shock is formed in the expanding plasma (1), and reflects TNSA

ions (2), leading to the generation of a mono-energetic beam with 31 MeV (3). The dashed line

indicates the shock position. The momenta of the accelerated ion beam for a finite laser spot size

W0 = 16�0 and the same other parameters is shown in d).
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13

Energy spreads measured to be FWHM ΔE/E ~1%

Previously 1 MeV, rms ΔE/E ~ 4% had been measured (C. Palmer PRL 2011)

OSIRIS

D. Haberberger et al., Nature Physics, January 2012

L. O. Silva | ENLITE12 |  Dresden, April 16 2012

Shock wave acceleration of protons in near-critical 
density targets
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Fundamental questions on quantum electrodynamics
The quantum vacuum and pair production with intense fields

Intensities required to start to 
probe the quantum vacuum 

are within reach 
!

Strong debate about this 
transition: 

1024 W/cm2 or 1026 W/cm2 
!

Work done by the electric field over a 
Compton wavelength > electron rest 
mass determines the Schwinger field 

QED at ultra high intensities is almost unexplored*

L. O. Silva | PRACE Days 2014 |  Barcelona, May 20 2014



QED cascades in counter propagating lasers

Laser Laser

electron

Parameters 

• absorbing boundaries!

• a0 = 1000!

• λ0 = 1μm!

• Linear polarization!

• W0 = 5 μm!

• τ = 30 fs! L. O. Silva | PRACE Days 2014 |  Barcelona, May 20 2014



QED cascades in counter propagating lasers

Textphotons positron electron

T. Grismayer et al., in preparation, 2014
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QED cascades in counter propagating lasers + B field

Parameters 

• absorbing boundaries!

• a0 = 700!

• λ0 = 1μm!

• Linear polarization!

• W0 = 10 μm!

• τ = 30 fs!

• B0 = 3 G Gauss!

T. Grismayer et al., in preparation, 2014

B0

B0

B orientation determines dynamics of pair plasma

L. O. Silva | PRACE Days 2014 |  Barcelona, May 20 2014
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In silico experiments critical for the 
design of new experiments, facilities, 
and triggering progress in many 
topics in particle acceleration!
!
Fundamental algorithms for particle-
in-cell simulations provide an 
excellent testbed for the exascale 
computing challenges

Summary
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