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Tech developments have triggered a revolution

’11 Peak laser intensity ~ 1023 W/cm2

Lasers and supercomputers

’12 Peak computing power > 10 Pflop/s

Mourou, Tajima, Bulanov (2006) Source: top500.org
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Computing has 
undergone a 
revolution
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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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‣ Klimontovich equation (“exact”).

‣ Ensemble average the Klimontovich equation

• Leads to Vlasov Fokker Planck equation (approximate)

‣ Take the limit that ND is very very large

• Vlasov equation

‣ Take moments of the Vlasov or Vlasov Fokker Planck equation

• “Two” fluid (transport) equations

‣ Ignore electron inertia

• Single fluid or MHD equations

How can we describe the plasma physics?

Hierarchy of descriptions (ignoring quantum effects)

L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016



~a ⌘ d

dt
~v =

q

m

✓
~E +

~v

c
⇥ ~B

◆


D

Dt
⌘ @

t

+ ~v ·r
x

+ ~a ·r
v

�

D

Dt
F = 0

~

J(~x, t) =

Z
d~v q~v F (~x,~v, t)

@

@t
~B = �r⇥ ~E

@

@t
~E = r⇥ ~B � 4⇡

c
~J

 Is it an efficient way of modeling the Vlasov equation?
No, it is a Klimontovich description for finite size (macro-particles)

F (~x,~v; t) =
NX

i

Sp(~x� ~xi(t))�(~v � ~vi(t))

What is the particle-in-cell model?

Maxwell’s equationsKlimontovich eq. of macro-particles
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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
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The particle-in-cell methodology

Particle-in-cell methodology*

* Dawson, Buneman, 1960’s; Birdsall and Langdon, Plasma Phys. via Comp. Simulation (1985)

Modeling kinetic physics

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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* Dawson, Buneman, 1960’s; Birdsall and Langdon, Plasma Phys. via Comp. Simulation (1985)

Modeling kinetic physics

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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Integration of equations of 
motion, moving particles

Weighting

Integration of Field 
Equations on the grid

Fi → ui → xi

Jj →( E , B )j

( E , B )j → Fi

Weighting

(x,u)i → Ji

Particle-in-cell methodology*

The particle-in-cell methodology
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* Takizuka & Abe JCP 1977 

Modeling kinetic physics

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

MC binary Coulomb collisions*

The particle-in-cell methodology
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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 | PlasmaSurf 2016 |  Oeiras, July 11 2016
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Integration of equations of motion: 
moving particles

Integration of field equations: 
updating fields

Deposition:                            
calculating current on grid

Interpolation:                            
evaluating force on particles
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Particle-in-cell loop in osiris 2.0
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Taking advantage of the largest machines in the World

• Jaguar (jaguarpf)

• 18688 compute nodes

• dedicated service/login nodes

• SeaStar2+ network

• XT5 Compute node

• Dual hex-core AMD Opteron 
2435 (Istanbul) at 2.6 GHz

• 16GB DDR2-800 memory

• Complete system
224256 processing cores
300 TB of memory

Peak performance 2.3 PFlop/s

1012 particles 
0.78 Pflop/s 

33% peak performance

L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016



Demonstrate 10s GeV e- and 200 
MeV protons with lasers

Make nuclear fusion (with lasers) a 
viable alternative for energy 
production

Determine the conditions & 
observe Fermi acceleration in the 
laboratory

“Boil the vacuum”

What challenges lie ahead?
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Contents

Protons

& more Protons

Particle accelerators  
Beyond the energy frontier & new applications

Summary  

Proton beams   
Beams for proton therapy

Nuclear fusion with lasers   
On the brink of ignition and novel concepts

ProtonsWhat about CERN?    
Using particle beams to accelerate other particle beams

Protons
Fundamental questions   
QED and relativistic astrophysics in the laboratory
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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



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

Courtesy: Tom Katsouleas (Duke) / Physics Today 2004

RAL

LBL 

Osaka

UCLA

E164X

ILC

Current Energy Frontier

ANL
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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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Accelerating particles in plasma wakes

WAKE IN WATER 
meter scale

WAKE IN PLASMA 
micron scale

Wake Driver 

Boat vs. Laser pulse

“Speeding” 
Surfers!

Wakefield 

Height vs. Density 
modulations
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Recent progress has put plasma acceleration 
at the forefront of Science
Simulations + lasers + sources directly impacted this progress
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Why plasmas?
Plasmas do not “break” under very large electric fields 
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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
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Pioneering work in 70s - 80s opened a brand new field

Plasma based accelerators

window co-moving with 
laser pulse  

@ speed of light

E0[V/cm] ≈ 0.96 n0
1/2 [cm-3]  

n0 = 1018 cm-3 → E0 ≈ 1 GV/cm



Pre-2004 results demonstrated relativistic plasma wave excitation

Electron acceleration up to ~ 200 MeV

Thermal-like spectrum up to 200 MeV Relativistic plasma waves

A. Modena et al, Nature (1995) V. Malka et al, Science (2002)
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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 

200

100

50

20

En
er

gy
 (M

eV
)

Electron 
energy spectra

b

G
E

O
R

G
E 

R
E

TS
E

C
K

 (
il

lu
st

ra
ti

on
);

 S
O

U
R

C
E

: V
IC

TO
R

 M
A

L
K

A 
(s

p
ec

tr
a)

a

COPYRIGHT 2006 SCIENTIFIC AMERICAN, INC.

2004 results confirm potential of laser-plasma accelerators

Monoenergetic beams of self-injected electrons



Can LWFA reach the energy frontier 
with the next generation of lasers?
Next generation of lasers @ 10 PW
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Blow-out regime of laser wakefield acceleration

Self-injection, Dephasing, and Depletion

a0 
normalized vector potential of the laser 

[quiver momentum p/mc of e- field] 

a0 ~ 0.8 (λ/μm)(Intensity/1018 W/cm2)1/2

W0 
spot size

τlaser 
pulse duration

window co-moving with 
laser pulse  

@ speed of light
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LWFA Performance
• 7.09×1010 part / s
• 3.12 μs core push time
• 77 TFlops (3.3 % of Rpeak)
• Limited by load imbalance

Peak Performance
• 1.86 ×1012 particles
• 1.46 ×1012 particles / s
• 0.74 PFlops
• 32% of Rpeak (42% of Rmax)

Petascale modelling of LWFA

221184 cores @ Jaguar
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Challenge: Parameter range for a 300J laser
Self-guiding External-guiding
Self Injection I* Self Injection II** Self Injection** External Injection**

Laser

Plasma

e- Bunch

a0

Spot [μm]

Duration [fs]

Density [cm-3]

Length [cm]

Energy [GeV]

Charge [nC]

43 5.8 3.5 2

9 50 70 101

1.5×1019 2.7×1017 8.2×1016 2.2×1016

30 110 155 224

0.25 22 100 500

4 13 25 53

14 2 1.8 1.5

* S. Gordienko and A. Pukhov PoP (2005)
** W. Lu et al. PR-STAB (2007)

Simulation 
time [days in 
512CPUs]

1 400 2,500 12,000
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Resolution gains

Particles
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~2GeV self-injection in strongly nonlinear regime

18nC above 2GeV 
Total 42nC injected
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+10GeV self-injection in nonlinear regime
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4.510.616.6

Emittance 
(μm)

10.29.925.4

x2

x3

SLAC 
beam

10

50

1.12.21.4
Injected 
charge (nC)

12.717.67.0Energy (J)

Total

37.3

4.7

�Norm. Emitt. = �[⇥x2⇤⇥ẋ2⇤ � ⇥xẋ⇤2] 1
2 ẋ = px/pz

>10GeV simulation for next generation lasers
Injected bunches properties

Spatial shape

Longitudinal 
momentum

A
B

C

A B C

12.4% efficiency

Bunch shape and momentum Energy spectrum & Emittance



+40GeV with externally injected beams
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Applications for LWFA beams
HEP Collider & radiation

LINAC

undulator
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Betatron radiation in plasma wakefield acceleration
UCLA/SLAC/USC have demonstrated x-ray 
betatron radiation with SLAC beam (28 GeV)

Ultra short 
accelerating 

structure

S. Wang et al, PRL (April 2002)

I ~ 1019 photons/s 0.1 % BW mm2 mrad2  
@ 6 keV

Laser plasma accelerators 
operating @ higher plasma 

densitites 
(1014 cm -3 → 1017 cm-3)

 Prad scales with ne2

Critical frequency 
scales with ne
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Advanced radiation diagnostic

Betatron sources & table top synchrotrons

n
v

x3
 [u

m
]

120

100

80

60

40

20

0

x2 [u m]
120100806040200

E 
[k

eV
]

10000

8000

6000

4000

2000

0
E [keV]

E 
[k

eV
]

10000

10000

6000

6000
2000

2000

d2  I 
/ d

ω
dΩ

 [k
eV

 s
] 1.5 10-6

1.0 10-6

5.0 10-7

0
E [keV]

200150100500

d2I

d⇤dS
=

e2

4⇥c

�����

⇥ �⇤

�⇤

�n⇤ [(�n� ��)⇤ �̇�]
(1� �n · ��)2R(t⇥)2

ei�(t�+R(t�)/c)dt

�����

2

dP

dS
=

e2

4⇥c

|�n⇥ [(�n� ��)⇥ �̇�]|2

(1� ��.�n)5R(t�)2

Radiated power & spectrum

Simulated 
trajectories

S. Kneip, C. McGuffey, J. L, Martins et al., Nature Phys., 2010

NATURE PHYSICS DOI: 10.1038/NPHYS1789 LETTERS

3

1

2

4

5

6Experimental mean

Model

X-ray energy (keV) X-ray energy (keV) Horizontal divergence (mrad)

V
er

tic
al

 d
iv

er
ge

nc
e 

(m
ra

d)

V
er

tic
al

 d
iv

er
ge

nc
e 

(m
ra

d)

Six fold filter

Experimental
standard
deviation

0

0.2

0.4

0.6

0.8

1.0

10

5

0

¬5

¬10

d2 I
/d

w
dS

 (
a.

u.
) d

2l/dw
dS (a.u.)

3

1

2

4

5

6

Energy (a.u.)

100 101 102 20 40 60 80 ¬20
20

10

0

¬10

¬20

¬10 0 10 20

a b c

Figure 3 |Measurement and modelling of the X-ray spectrum and modelling of the X-ray profile. a, The modelled, normalized betatron spectrum agrees
well with the experimentally measured spectrum obtained within one standard deviation. (Inset) The experimental spectrum is inferred from
measurements of the X-ray yield through various filters with known transmission. b, The angularly and spectrally resolved X-ray flux displays a peak on axis
at 10 keV and a tail extending to ⌃100 keV. c, The spectrally integrated X-ray beam profile shows an elliptically elongated beam profile in the direction of
laser polarization.

horizontal and vertical direction, similar to the pointing stability1

of the electron beam.2

To give an indication of the X-ray source size, microscopic3

objects were backlit with the X-ray beam. Figure 1(c–h) show4

X-ray radiographic images of wire triplets of various size and of a5

resolution test target. Figure 1i,j give photographic images of the6

smallest wire triplet and the test target. Even the smallest features7

of size 3 µm are resolved, indicating that the betatron X-ray source8

is ⌅<3 µm, smaller than the size of the plasma wave in which the9

radiating electronswere trapped and oscillate (⇧20 µmdiameter).10

To quantify the source size more precisely, a half-plane was11

backlit with the X-ray beam. A typical intensity distribution on12

the detector looks like a half-shadow (Fig. 2a (inset)), whose13

details convolve information about the X-ray source and half-plane.14

The half-plane was a 0.25mm thick cleaved InSb crystal (<6%15

transmission below 20 keV) and resembles an ideal step function.16

To accurately model the shape of the intensity distribution,17

it is necessary to use Fresnel diffraction (see Methods), where18

the details of the diffraction pattern depend on the spatial and19

spectral intensity distribution of the source and the dimensions of20

the set-up. Figure 2a shows a close-up of a typical experimental21

and several modelled intensity distributions based on a Gaussian22

intensity profile and synchrotron spectrum. For the solid red curve23

in Fig. 2a, Ecrit = 8 keV and a 1/e2 intensity radius wx = 1 µm24

was assumed, which best reproduced both the sharp rise and the25

amplitude and width of the first fringe. Changing wx or Ecrit under26

or overestimates the height and/or width of the overshoot and/or27

the rise, as shown by the other curves in Fig. 2.28

To obtain a 95% confidence interval for the source size, a least29

squares fit based on the Fresnel model was performed with the30

measured intensity distributions (see Methods). Figure 2a shows31

exemplarily that the agreement between model and data depends32

only weakly on the critical energy. This was confirmed by inde-33

pendent measurements of the spectrum at identical experimental34

conditions, which found Ecrit = 6–10%keV, as discussed later. To35

accurately acknowledge the small uncertainty in critical energy and36

also possible deviations from aGaussian source profile, the parame-37

ter space of the Fresnel model includes spectra with critical energies38

6–10%keV and spatial profiles of (super-)Gaussian to top-hat type.39

Figure 2b shows a series of experimental intensity distributions40

for which the source size was determined in this way. By changing41

the plasma density, we have some level of control over the42

source size. As the source size increases the visibility of the43

first Fresnel fringe decreases. This is in accordance with the44

modelling, from which it is expected that the fringes disappear for45

a source size wx ⌅> 5 µm.46

For the ringing to occur, the radiation needs to have an 47

appreciable degree of spatial coherence at the place of the 48

half-plane, which is merely u = 50mm from the source. The 49

van Cittert–Zernike theorem states that even the radiation of 50

uncorrelated emitters with Gaussian intensity distribution can be 51

spatially coherent19. The transverse coherence length is given by 52

Ltrans = �u/2⇤wx,y . In our case the relevant radiation wavelength 53

is � ⌃ 6 ⇥ 10�10 m, which is the peak of the product of the 54

synchrotron spectrum Ecrit ⌃ 8 keV and detector response. For 55

a source size of wx = 2 µm, Ltrans ⌃ 3 µm, which is enough to 56

observe one Fresnel fringe. The spectral width of the source also 57

reduces fringe visibility, as the temporal or longitudinal coherence 58

length Llong =�2/2⌅�⌃�. 59

We have assessed the amount of coherence by calculating 60

the experimental fringe contrast (Imax � Imin)/(Imax + Imin) and 61

comparing it with the prediction from the modelling of a (super-) 62

Gaussian to top-hat source with Ecrit = 6–10 keV, as shown in 63

Fig. 2c. From this agreement we infer that the complex coherence 64

factor µ of our betatron source must be close to the theoretical 65

upper limit of µ = 0.88, which would be achievable for a Gaussian 66

intensity distribution19. 67

The spectral properties of the betatron radiation were deter- 68

mined by measuring the X-ray transmission through a set of filters 69

(see Fig. 3a (inset)) with an X-ray CCD detector7. Assuming the 70

spectrum is synchrotron-like, the measured Ecrit is (29± 13) keV 71

for ne = (1.0±0.4)⇥1019 cm�3, and the 5 mm nozzle (see Fig. 3a). 72

With twice the density and half the laser power, the measured 73

Ecrit = 6–10 keV is found to be lower, consistent with what can be 74

inferred from the fringe measurement (Ecrit = 4–16 keV) that was 75

carried out at these conditions. 76

Numerical modelling was carried out using electron trajectories 77

obtained from the fully relativistic PIC code OSIRIS. The 78

simulations were run in the boosted frame, which, because of 79

relativistic length contraction and time dilation, offer higher 80

resolutions for shorter run times. The trajectories were post- 81

processed to yield the characteristics of the betatron radiation 82

(see Methods). Figure 3b shows the modelled X-ray spectrum as 83

a function of energy and angle. The X-ray flux peaks on-axis at 84

10 keV and extends to ⌃100 keV. A lineout taken on-axis, as 85

would bemeasured by our detector, is plotted in Fig. 3a, comparing 86

well with the measured spectrum. A total of 108 photons are 87

predicted between 1 and 84 keV. We measure 106–108, depending 88

on electron charge and (albeit small) pointing fluctuation. Because 89

of the difficulty in decoupling pointing and yield fluctuation, 90

we give the maximum achieved peak brightness, which is 1 ⇥ 91

1022 ph/s/mrad2/mm2/0.1%BW for 5⇥107 photons, a 1/e2 source 92
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Spatially coherent x-ray radiation
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Figure 1 | The quality of the X-ray beam is assessed by measuring its profile and imaging microscopic objects. a, Single shot X-ray beam profile and
(b), sum of five consecutive shot profiles show the imprint of a wire grid and a 4⇥ 13mrad2 beam with 5mrad pointing stability. c–h, X-ray radiographic
images of wire triplets and a resolution test target (RTT). The objects contain features as small as 3 µm, which are resolved on the radiographs, indicating a
betatron source of size ⌅3 µm. i,j, Photographic images of the smallest wire triplet and RTT, from which the various feature size were obtained.
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Figure 2 | The X-ray source casts a shadow of a half-plane on the detector. a, Close-up of measured intensity distribution (black squares) integrated along
the edge of the half-shadow (inset) and exemplary intensity distributions using Fresnel diffraction modelling, for a source with Gaussian intensity
distribution and synchrotron spectrum Ecrit/wx of 8 keV/1 µm (solid red), 8 keV/3 µm (dashed green), 2 keV/1 µm (dash–dotted blue) and 8 keV/6 µm
(dotted grey). b, Series of measured intensity distributions corresponding to shots with decreasing source size wx (from modelling) and fringe visibility. The
numbers are the 95% confidence interval of the source size determined by a least squares fit. c, The experimentally obtained fringe visibility is consistent
with the fringe visibility obtained from the modelling, plotted for a 6–10 keV synchrotron spectrum with spatial profile of (super-) Gaussian to top-hat type.
Horizontal error bars are given by the fitting procedure (typically ±30–40%) and vertical error bars are due to the noise in the experimental data (typically
±0.03–0.04).

The experiment was performed by focusing an intense short1

pulse (⇧30 fs, ⇧2 J) laser onto the front edge of 3, 5 and2

10mm helium gas jets (see Methods). A scintillating screen3

was placed in the electron beam to measure its beam profile,4

and a permanent magnet spectrometer to measure its energy5

spectrum. Electron beams with narrow energy spread features6

were observed from all nozzles, at electron densities of 4–22 ⇥7

1018 cm�3. As there are consecutive phases of injection, the electron8

beam consists of multiple beamlets, which could be seen in9

both profile and spectral measurements14. For example, for an10

electron density of 8 ⇥ 1018 cm�3 on the 5mm nozzle, electron11

beams of W = (230±70)MeV with ⇤W /W = (25±10)% energy12

spread at full width at half maximum (FWHM) were observed13

with an average of 2.2 ± 0.4 beamlets per shot, with a root-14

mean-square (RMS) divergence of 1.5 ⇥ 1.8mrad2 and RMS15

pointing fluctuation of 4.8 ⇥ 4.7mrad2. We typically measure16

100–300 pC of charge in the beam. The average and maximum17

energy of the electron beam follow the typical wakefield electron18

density scaling law14,18.19

With the electron beam deflected away from laser axis by the 20

spectrometer magnet, a bright (undeviated) beam of X-rays was 21

also observed co-propagating along the laser axis. It was imperative 22

to first prove that this X-ray source originates from the plasma 23

itself. To do this a grid of silver wires (60 µm diameter, 310 µm 24

separation) was placed a few centimetres from the target. X-rays 25

originating from the interaction region project the outline of the 26

mesh onto an imaging plate. A strongly directional beam of X-rays 27

is evident in Fig. 1a. When either the laser power or electron 28

plasma density was reduced to inhibit the electron beam, the 29

X-ray beam also disappeared, showing that the generation of the 30

X-rays is linked to the electron beam. The profile is elliptical, with 31

a FWHM divergence of ⇥x ⇥ ⇥y = 4 ⇥ 13mrad2, corresponding 32

to a wiggler parameter K = ⇥� of Kx = 1.5 and Ky = 5 for a 33

simultaneously measured electron beam energy W = 200MeV. 34

The X-ray beam pointing is extremely stable, as can be deduced 35

from Fig. 1b, which shows the sum of five consecutive shots. Their 36

combined divergence is not significantly larger than that of a single 37

shot measurement, the RMS pointing stability is 5mrad in the 38

2 NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics
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Laser driven ion beams hold promising applications

Laser-plasma 
accelerators

Fusion energy

Ion beam driven
inertial fusion Tumor therapyCompact sources

© NIF

Medical applications

© UniversitätsKlinikum Heidelberg
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Quest is driven by medical applications 

Bragg
peak

tumor

© UniversitätsKlinikum Heidelberg © CERN Courier, 2006

Ion beams can have a highly localized energy deposition in deep-seated tumorsIon beams can have a localized energy deposition in deep-seated tumors
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The quest for high-quality mono-energetic proton beams

High-intensity
laser pulse

Solid target

E High-intensity
laser pulse

Solid target

Cold solid target

Linear polarization

Continuum spectrum

Max. proton energy ~ 60 MeV

TNSA RPA

Cold solid target

Circular polarization

High contrast ratio

Mono-energetic spectrum
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Shock acceleration can potentially lead to mono-energetic beams

High-intensity
laser pulse

Shock acceleration
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ncr targets allow for high-quality shock accelerated beams

E

Reflected
ions

Plasma profile

Lg

Requirements for high-quality shock acceleration

• High Mach number shocks in different density/temperature 
plasmas*

• Shock acceleration must dominate over TNSA fields**

• When shock is formed:*** 

                        vsh > vions ⇒  

• When shock crosses back of target:

                        vsh > vions ⇒

• For optimal absorption (np ~ nc), optimal thickness Lg ~ 20 l0

            

Lg >
20⇡

!pi

C2
s0

vsh

*    G. Sorasio et al. PRL 2006
**   T. Grismayer & P. Mora Phys. Plasmas 2006
*** shock formation time ~ 20p wpi-1 (D. W. Forslund & C. R. Shonk PRL 1970)
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Near ncr targets are optimal 
CO2 lasers in mm scale gas jet targets (nc) at high repetition rates 
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Interplay between shock acceleration and TNSA is criticalNATURE PHYSICS DOI: 10.1038/NPHYS2130
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Figure 4 | Simulation results. a, Plasma-electron phase-space (colour bar), transversely averaged ion-density (blue) and longitudinal electric-field (red)
profiles after 46 ps. The electric-field spike is due to the shock and the smaller plateau field ahead of the shock is from TNSA. b, Time evolution of the ion
density (green) and longitudinal electric field (E1) (orange). The two strong features at 7 and 25 ps are from the electrons heated by the two laser pulses.
The dashed black line follows the shock and the dashed blue line follows the reflected ions. c,d, Snapshots of the proton phase space showing the reflected
ions inside the expanding plasma at 73 ps (c) and outside the expanding plasma at 120 ps (d). e, Spectrum of the reflected proton bunch for an a0 of 2.5
(red solid line) taken from the red dotted box in d after 120 ps and for an a0 of 2 (red dashed line).

improvement in the peak energy (at a comparable laser a0)
and an order-of-magnitude improvement in the energy spread
of proton beams obtained in both TNSA and radiation-pressure
acceleration experiments.

The temporal evolution of the plasma has been tracked using
laser interferometry. Figure 3a shows an interferogram of the
plasma density profile taken at the peak of the CO2 lasermacropulse
with the extracted on-axis plasma density plotted in Fig. 3b (solid
red). It is found that the early micropulses serve to ionize the gas
jet as early as 80 ps before the peak of the macropulse by tunnel
ionization and the plasma density profile is strongly steepened
on the front side of the target by the radiation pressure of the
laser29,30. The plasma electrons during the earlymicropulses, a0 ⌧1,
are expected to be cold, therefore electron-neutral collisions serve
to ionize the rear of the target to form a millimetre-scale-length
plasma. As this plasma expands, the plasma density on the rear of
the target drops rapidly to generate an exponentially falling density
profile. The successful proton acceleration shots showed such a
steepened plasma density profile at the peak of the laser macropulse
with an overdense (ne >1019 cm�3) peak plasma density at the front
and an exponentially decaying density at the back. Confirmation
of the extracted plasma density profile (solid red) was obtained by
creating a synthetic interferogram (dashed black) to match that in
Fig. 3a (see Supplementary Discussion).

The hole-boring effect due to the radiation pressure of the
laser micropulses can lead to the acceleration of ions25. Using
snapshots of the plasma density profile taken at different times
but on shots with identical parameters, we determined the average
hole-boring velocity (velocity at which the overdense plasma layer
is pushed forward by the laser) to be vhb = 3.2± 0.8⇥ 108 cm s�1.

An upper estimate of the peak hole-boring velocity calculated
using the expression given in ref. 31 is 6.3⇥ 108 cm s�1 using the
experimentally measured peak plasma density of 3 ⇥ 1019 cm�3

and assuming a constant laser a0 of 2.3. Cold plasma protons
that reflect off this moving layer would gain a maximum energy
of (1/2)mi(2vhb)2 = 213 keV (experiment) or 1MeV (theory),
where mi is the mass of the proton. These values are more
than an order of magnitude smaller than the proton energies
observed in the experiment, thus pointing to a different mechanism
for proton acceleration.

The mechanism of ion acceleration is elucidated using the
particle-in-cell code OSIRIS (ref. 32), which uses a cold preformed
plasma with a density profile similar to the measured plasma
density profile shown in Fig. 3b. Two linearly polarized 3-ps-long
micropulses with an a0 of 2.5 and separation of 18 ps are incident
on this plasma (see Supplementary Movie). The first laser pulse is
absorbed near the critical density, heating up the plasma locally and
causing its expansion, which lowers the peak density. As the second
pulse arrives, the peak density is of the order of the critical density
and the plasma electrons are efficiently heated up to a temperature
of ⇠1.1MeV in the region leading up to the critical density. The
plasma electron temperature is consistent with ponderomotive
scaling for the hot electrons, Thot =mec2

p
1+a20/2= 1.04MeV,

where me is the mass of the electron and c is the speed of light.
These electrons launch a collisionless electrostatic shock wave
(electron–ion collisional mean free path, ⌦e�i > shock thickness
⇠5⌦D, where the Debye length ⌦D = [kThot/4⇡nee2]1/2) at the
overdense layer that propagates through the plasma (Fig. 4a). The
most energetic electrons heated by the first and second laser
pulses can be seen to be leaving the plasma at 7 ps and 25 ps,

NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics 3
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Monoenergetic proton beams with unprecedented energies

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
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Low beam emittance has been measured

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

review units on the plot

L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016



Shock acceleration is extensible to ultrahigh energies
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Energy[MeV] = 5.6a3/2
0

Favorable scaling provides proton beams for  
medical applications (200 MeV) with readily available lasers (a0 ~ 10)
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Proton driven wakefield accelerator @ CERN

Experimental concept IST participation
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Nuclear fusion with lasers @ NIF

NIF building @ LLNL NIF laser amplifiers

NIF target chamber NIF target



National Ignition Facility 
Target (~ 1 cm long) 

Indirect drive nuclear fusion 
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Advanced concepts: fast ignition concept*

DTDT

Compression

compression
lasers

 

Ignition

ignition
laser

* M. Tabak et al., Phys. Plasmas 1, 1626 (1994) L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016



DT

The fast ignition concept

compression
lasers

 

Ignition

ignition
laser

compressed
 target

core
300 g/cc

r ~ 20 μm
Eig ~10 kJ

hot e-

Ignition
laser

gold
cone

Cone*

* R. Kodama et al., Nature 412, 798 (2001);  R. Kodama et al., Nature 432, 1005 (2004)

at academic facilities with 1/100th the
energy. “The good thing is that [fast igni-
tion] has not been tremendously expensive
up to now,” says Max Tabak of Lawrence
Livermore. “You can make progress with
small teams.” 

Tabak, lead author of a 1994 paper that
described a two-laser technique, is one of
the pioneers of this cottage industry. The
initial idea had been around for a few years,
Tabak says, but he and his colleagues
brought the pieces together for the f irst
time. Early theoretical work showed that it
would take a laser pulse of enormous
power—but lasting a short time—to spark
the plasma. This led to the development of
the first petawatt (1015 watts) lasers in the
1990s. Although their power is equal to
roughly 1000 times that flowing in the
entire U.S. electricity grid, they deliver it in
pulses of only a few tens of picoseconds
(10–12 seconds), about a kilojoule each. If
most of the pulsed energy penetrates the
plasma and reaches the dense core, the fuel
will ignite and burn. 

The trouble is that when the laser light
penetrates the plasma, it is converted into a
beam of electrons that spreads out, lessen-
ing its power. Researchers came up with
several ways to mitigate this beam spread.
One favored new scenario is to insert a tiny
hollow cone into the fuel capsule, a funnel-
like short cut for the ignition energy so that
the electron beam only has to travel a few
tens of micrometers from the tip of the cone
to the compressed core. There was initially
a lot of skepticism that this “foolish geom-
etry” would complicate the fuel assembly,
recalls Ryosuke Kodama of Osaka Univer-
sity in Japan. However, using Osaka’s

Gekko XII laser facility, a collaboration of
Japanese and British researchers led by
Kodama in 2001 shot a 0.1-PW (60-J) pulse
down the barrel of a gold cone, while a 1.2-kJ
laser compressed the hydrogen fuel on the
tip. The team observed a 10-fold—and later
a 1000-fold—increase in the number of
fusion-induced neutrons. “Gekko showed
the possibility for fast heating in the
imploded plasma,” Kodama says. Although
still far from the coveted ignition, this news
made “a big splash,” Tabak says. 

Energy costs

The Gekko XII researchers estimated that
about a quarter of the ignition laser’s energy
went into the fuel. This was a higher per-
centage than expected, according to Tabak.
“Good things happened that we don’t under-
stand,” he says. He is optimistic that the
cone setup can be improved, but the next
step will require more energy. U.S.
researchers are in the process of adding a
2-PW (5-kJ) ignition laser to the 30-kJ
OMEGA facility at the University of
Rochester. Dubbed OMEGA EP, the experi-
ment is expected to be ready in 2007. At
Osaka University, a 1-PW (10-kJ) ignition
laser, called FIREX-I, will complement the
full compression laser (10 kJ) from Gekko
XII in 2007. But beefing up the ignition

energy could cause problems, Barty warns,
as the laser-induced electron beam could
shoot right past the core without sparking the
fuel. “It’s a concern,” Norreys says, “but it’s
not a showstopper.” There are ways essen-
tially to slow the electron beam by shortening
the wavelength of the infrared lasers.

Even so, Betti says these upgraded
machines will probably not be powerful
enough to reach fusion ignition. He esti-
mates at least a 60-kJ compression laser is
needed to achieve the breakeven point
between energy in and out, and probably
700 kJ for a practical energy plant. The igni-
tion laser may have much greater power, but
its energy is lower, and energy is what costs
money in the laser business, Dunne says.

In September, a panel of European scien-
tists, including Dunne, presented a plan to

really put the principle of fast
ignition to the test. The
panel wants European gov-
ernments to build a civilian
laser facility, called HiPER,
with a 200-kJ compression
laser and 10-PW (70-kJ)
ignition laser, at a cost of
$850 million. “This is a
good time in Europe to start
thinking about a facility,”
Betti says. Early results
from FIREX-I and OMEGA
EP could guide the develop-

ment of HiPER’s design. The
proposal is currently being considered by
the European Strategy Forum on Research
Infrastructures, which is drawing up a road
map of large science projects within the
European Union.

The HiPER team hopes that building
such a facility will free laser-fusion
researchers from having to rely on military
facilities. According to the panel, only about
15% of laser “shots” at NIF and LMJ will go
to the academic community. Fast ignition
offers the chance to achieve significant gains
at a 10th of the energy needed for conven-
tional inertial confinement. “Now there’s a
civilian route to the end point,” Dunne says. 

HiPER has another advantage, too: It
can be used as a general laser facility for
other branches of science, such as model-
ing stellar interiors and supernova explo-
sions, studying nuclear interactions for
medical imaging and waste management,
and accelerating particles faster than cur-
rent methods can. “There will be good sci-
ence that comes out,” Dunne says.

The lower price may also make fast igni-
tion more practical as a possible source of
energy. Researchers admit that fast ignition
currently is not the favorite in the fusion
race. But considering the need, “we should
be working on anything that has a prayer,”
Tabak says. –MICHAEL SCHIRBER

www.sciencemag.org SCIENCE VOL 310 9 DECEMBER 2005 1611
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Physics of Fast Ignition

Gold cone channels

ignition laser beam

Beam converts into stream

of relativistic electrons

Compression laser

squeezes hydrogen fuel

Fuel ignites and burns

“Foolish”geometry.A gold cone is key in getting
sufficient laser power into the capsule of hydrogen
and igniting fusion.

N E W S F O C U S

Published by AAAS
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DT

The fast ignition concept

Compression

compression
lasers

 

Ignition

ignition
laser

channeling
laser

Channeling*
compressed

 target

* G. Li et al., Phys. Rev. Lett. 100, 125002 (2008) L. O. Silva | PlasmaSurf 2013 |  Oeiras, July 8 2013



Modeling is extremely demanding due to different scales involved

Laser duration = 10 ps - 10 ns 

Typical HED compressed target

H2 gas jet

400 nm
driver pulse

CO2 
laser pulse

Computational requirements for PIC

Box size: 1 mm
Cell size: 5 Å
Duration: 10 ps
Time step: 1 as (10-18 s)

# cells/dim: 2x106

# particles/cell: 100 (1D); 10 (2D); 1 (3D) 
# time steps: 106

Particle push time: 1 ms

1D - 2x103 CPU days
2D - 5x108 CPU days ~ 106 CPU years
3D - 2x1011 CPU days ~ 7x108 CPU years

Physical size

Numerical size

Computational time

F. Fiúza et al L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016



New hybrid-PIC algorithm for HEDP modeling*

Ignition laser

Full-PIC code

• Full Maxwell’s equations

• Kinetic species

• n0 < 1023 cm-3

• ωpΔt < O(1)

• Δxωp/c < O(1)

• cΔt/Δx < 1

Hybrid-PIC code

• Maxwell’s equations + 
Ohm’s law (inertialess)

• Kinetic species

• n0 > 1023 cm-3

• νeiΔt < O(1)

• cΔt/Δx < 1

If resistivity (Ohm’s law) 

matches collisional model

transition is natural 

and self-consistent

ne < 102 nc

ne ~ 105 nc

* B. Cohen, A. Kemp, L. Divol, JCP 229, 4591 (2010) L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016



Stable and accurate transition

Accurate hybrid-PIC transition requires careful numerics

Advanced numerical techniques

Hybrid-PIC
Full-PIC
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F. Fiuza et al. PPCF 53, 074004 (2011)

High-order splines

MC binary Coulomb collisions

Advanced smoothing

PML boundary conditions
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PIC colisional MC model

High-order splines

Stopping power from MC model
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Numerical Parameters

๏ 42 cells/μm
๏ hybrid/full-PIC transition = 100 nc

๏ Particles per cell = 64
๏ # time steps = 105

๏ cubic interpolation

First full-scale FI modeling with realistic densities

๏ λ0 = 1μm
๏ I0 = 2x1020 Wcm-2 (100 kJ)
๏ W0 = 30 μm
๏ τ0 = 15 ps

๏ L = 450 x 450 μm2 
๏ ne0 = 1 nc - 2x105 nc

๏ mi/me = 3672

Physical Parameters

Laser

Plasma

Ignition laser    DT
target

Previous largest PIC simulations used a 5 kJ
 2 ps laser and a 100 µm 100 nc plasma

L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016



heat fluxdensity

B-field E-field
 

e- heat flux

Longitudinal E-field

Density

B-field

~ 70% laser absorption

7% laser energy @ core

Stable laser-plasma interface
for multiple picoseconds

300+ MG B-fields @ interface

I = 2x1020 Wcm-2

First full-scale FI modeling with realistic densities

L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016
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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*

*Physicists like perturbation theory around small quantities...
L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016



Adding radiation reaction force to the PIC loop

PARTICLES

GRID

Integration of equations of motion: 
moving particles

Integration of field equations: 
updating fields

Deposition:                            
calculating current on grid

Interpolation:                            
evaluating force on particles

�B
�t

= �c⇤⇥E

⇥E
⇥t

= c⇤⇥B� 4�j

Fp � up � xp

(E,B)i � Ji

(E,B)i � Fp (x,u)p � ji
�t

Continuous drag
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Adding radiation reaction force to the PIC loop

PARTICLES

GRID

Integration of equations of motion: 
moving particles

Integration of field equations: 
updating fields

Deposition:                            
calculating current on grid

Interpolation:                            
evaluating force on particles
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Fp � up � xp
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Emission of photons

Probability of pair creation
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accelerated 
electrons

laser wakefield accelerator in blowout regime 
provides GeV class beams

second laser scatters on e- beam 
I ~ 1021 W/cm2
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M. Vranic, J. L. Martins et al., arXiv:1306.0766 (2013)

Unravelling the nature of radiation reaction
Understanding one of the oddest equations in physics
Lorentz-Abraham-Dirac equation has a third order derivative 
with respect to the position of a particle

L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016



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 | PlasmaSurf 2016 |  Oeiras, July 11 2016



QED cascades in counter propagating lasers

Textphotons positron electron
L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016



Parameter range for QED cascade

Linear Circular

Laser

Pairs

a0

Spot [μm]

Duration [fs]

Number 

Growth rate

1500 3000 1000

8 5 5 8

3.103           ~107 ~1015 3.103

30 30 30

0.21 0.44 0.62 0.21

Polarization

Intensity 

30

1024 4.1024 9.1024 1024

∞(plane)

1000

30

3.104

1024

0.24

T. Grismayer, et al., in preparation (2013) L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016



Gamma Ray Bursters

Pulsar Wind Nebulae

 Cassiopeia A

Supernova Explosion

Crab nebula

μ

μ

Colliding flows of plasmas are pervasive in astrophysics

N. Gehrels, L. Piro and P. J. T. Leonard, Scientific American, Dec. 2002, p. 89

X-ray: NASA/CXC/SAO; Optical: NASA/STScI; Infrared: NASA/JPL-Caltech

NASA/CXC/SAO L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016



The landscape of collisionless astro/space shocks
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Simulation apparatus

Collision of two relativistic plasma slabs

“Cold” plasma 
Υ = 20

Wall 
reflection + 
Shock 
formation

1565 c/ωpe
14000 cells

28
6 

c/
ω

pe
25

60
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el
ls

• Gamma = 20

• Electrons + ions 

• mi = 32 me

• 1x2 particles per cell

S. F. Martins et al., ApJ Lett (2009) L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016



Ion density

Ab initio shock formation and evolution

L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016



Ab initio Fermi acceleration

Ion trapping

Trapped particle trajectories in the shock front - x1 vs time

Multiple crossing

Energy increase

Shock front

Ion escaping

S. F. Martins et al, ApJ Lett (2009) L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016



Numerical Parameters

๏ Dx = Dy = 0.25 c/wpe

๏ 64 particles per cell
๏ 109 particles
๏ cubic interpolation

OSIRIS simulation setup: shock generation 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 | PlasmaSurf 2016 |  Oeiras, July 11 2016
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Collisionless shock launched with ultraintense laser
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F. Fiúza et al, PRL (2012) L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016



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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How about magnetized shocks?

10s MG axial B-fields have been generated in the lab

Laser driven 
magnetic flux compression*

Bz

B-field generator’s
coils

* J. P. Knauer et al., Phys. Plasmas 17, 056318 (2010)

q

Bz

Laser

σ = 10-4 - 10-1

Bz

Possibility to probe different B-field configurations experimentally

L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016
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Summary

 The quest for ultra intense beams 
is driving technological advances in 
lasers and particle beams and 
computer simulations are opening 
these directions 

 Significant potential impact in 
many relevant societal questions  

 Potential to address fundamental 
questions in physics is also 
outstanding in regimes far from 
equilibrium

L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016



Demonstrate 10s GeV e- and 200 
MeV protons with lasers

Make nuclear fusion (with lasers) a 
viable alternative for energy 
production

Determine the conditions & 
observe Fermi acceleration in the 
laboratory

“Boil the vacuum”

What challenges lie ahead?

L. O. Silva | PlasmaSurf 2016 |  Oeiras, July 11 2016


