
Luís O. Silva

GoLP
Instituto de Plasmas e Fusão Nuclear
Instituto Superior Técnico
Lisbon, Portugal

Challenges in plasma physics 
at ultra high field intensities

golp
grupo de lasers e plasmasgrupo de lasers e plasmasG

o
L

P
/

IP
F

N
 

 
 

 
 

 
In

s
t

it
u

t
o

 
S

u
p

e
r

io
r

 T
é

c
n

ic
o

L. O. Silva | Nat Fisch Symposium | March 28 2016



L. O. Silva | Nat Fisch Symposium | March 28 2016

Acknowledgments

R. Fonseca, T. Grismayer, J. Vieira, K. Schoeffler, M. Vranic, N. Shukla, J. L. 
Martins, S. Martins  

Work in collaboration with: 
W. B. Mori (UCLA), F. Fiúza (SLAC), G. Sarri (QUB), M. Marklund 
(Chalmers) 

Simulation results obtained at the epp and IST Clusters (IST), Dawson2 Cluster 
(UCLA), Franklin (NERSC), Intrepid (Argonne), Jugene/Juqueen (FZ Jülich), 
Jaguar (ORNL), SuperMUC (Münich), Sequoia (LLNL) 

Advanced Grants  “Accelerates” (2010) and InPairs (2015)

2



L. O. Silva | Nat Fisch Symposium | March 28 2016

Particle acceleration towards the 
energy frontier and exotic waves

From radiation reaction to 
 “boiling” the vacuum

e-e+ plasmas

http://epp.ist.utl.pt/

Challenges at ultra high intensities
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Tremendous progress in lasers is opening new opportunities

’15 Peak laser intensity ~ 1023 W/cm2

Lasers and supercomputers

’15 Peak computing power > 10 Pflop/s

Mourou, Tajima, Bulanov (2006) Source: top500.org
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Similar intensities are present in particle beams

Existing or planned particle beams

LHC @ CERN I ~ 2.5x1019 W/cm2  
100 kJ, 7 TeV per proton, 1011 protons per beam; 10 
cm long bunch; 200 microns spot

SPS @ CERN I ~ 1.5x1018 W/cm2  
~7 kJ, 0.5 TeV per proton, 10^11 protons per beam; 10 
cm long bunch; 200 microns spot

ILC I ~ 1.5x1024 W/cm2 
1.6 kJ, 0.5 TeV per electron/positron, 2x1010 electrons/
positrons; < 10 nm width in x; < ~100 nm width in y; 6 
mm long

SLAC I ~ 1.2 x1019 W/cm2 
160 J, 50 GeV per electron/positron, 2x1010 electrons/
positrons; ~50 microns long; ~50 microns spot
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Stimulated (Raman/Brillouin) amplification promises even higher intensities

Stimulated Raman backscattering Window for stable amplification

V.M.Malkin et al., PRL 82, 4448 (1999); 
G. Shvets, et al., 81, 4879 (1998) 

Number of e-foldings (G) < 10 to 
mitigate role of competing instabilities

ARTICLES NATURE PHYSICS DOI: 10.1038/NPHYS1793
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Figure 1 | Schematic illustrations of various processes occurring during Raman amplification. Left: illustration of the Raman amplification process. A long
pump pulse (frequency !0, wavenumber k0, red) and a counterpropagating short probe pulse (frequency !0 �!p, wavenumber !p/c�k0, blue) are
injected into a plasma slab and couple through a plasma wave (frequency !p, wavenumber 2k0 �!p/c, green). Here, !p =

p
e

2
n0/("0me) is the plasma

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

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

!0/!p

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

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

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

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

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

p
!p/!0

for RBS (ref. 3), � = !pa0
p

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

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

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

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

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

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

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

88 NATURE PHYSICS | VOL 7 | JANUARY 2011 | www.nature.com/naturephysics
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Amplification matching conditions: 

ω1 = ω0 + ωp 
k1 = k0 + kp

R.Trines et al, Nat.Phys. 7 87 (2011)
R. Trines et al, PRL 107 105002 (2011)
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Osiris 3.0
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osiris framework

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

· Visualization and Data Analysis 
Infrastructure

· Developed by the osiris.consortium
⇒  UCLA + IST

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

code features
· Scalability to ~ 1.6 M cores
· SIMD hardware optimized
· Parallel I/O
· Dynamic Load Balancing
· QED module
· Particle merging
· GPGPU support
· Xeon Phi support

O i ir ss
3.0
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Extreme resources to explore opportunities at ultra high intensities

Scaling Tests

Sim. Volume Parallel 

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

Speedup
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# Cores

1 000 10 000 100 000 1 000 000 10 000 000

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

R. A. Fonseca et al. PPCF 55, 4011 (2013) L. O. Silva | Nat Fisch Symposium | March 28 2016
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Particle acceleration towards 
the energy frontier and exotic 
waves 

From radiation reaction to 
 “boiling” the vacuum

e-e+ plasmas

http://epp.ist.utl.pt/

Challenges at ultra high intensities

L. O. Silva | Nat Fisch Symposium | March 28 2016



Can (laser) plasma accelerators reach the energy frontier?

Next generation of lasers @ 10+ PW

L. O. Silva | Nat Fisch Symposium | March 28 2016



Energy frontier LWFA @ 250 J

Extreme blowout :: a0=53

‣ Very nonlinear and complex physics
‣ Bubble radius varies with laser propagation
‣ Electron injection is continuous ⇒	 very strong beam loading
‣ Wakefield is noisy and the bubble sheath is not well defined

Controlled self-guided :: a0=5.8 

‣ Lower laser intensity ⇒ cleaner wakefield and sheath
‣ Loaded wakefield is relatively flat 
‣ Blowout radius remains nearly constant
‣ Three distinct bunches ⇒ room for tuning the laser parameters

Channel guided :: a0=2

Plasma
channel

Laser
pulse

Accelerating
electron beam

‣ Lowest laser intensity ⇒ highest beam energies (less charge)
‣ External guiding of the laser ⇒ stable wakefield
‣ Tailored electron beam that initially flattens the wake
‣ Controlled acceleration of an externally injected beam to very high energies

S. Gordienko and A. Pukhov PoP (2005); W. Lu et al. PR-STAB (2007)
S. F. Martins et al., Nature Physics (2009)

few GeV

~10-15 GeV

~30-40 GeV

L. O. Silva | Nat Fisch Symposium | March 28 2016
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The orbital angular momentum of light is an unexplored degree of 
freedom for laser-plasma interactions

Laser electric field isosurfaces

Helical wavefronts

Transverse slice of laser envelope

Donut-shaped intensity profiles

Applications
• Astrophysics
• Ultrafast optical communications
• Nano particle manipulation

Laser-plasma accelerators

High gradient positron acceleration

Shaped electron/x-ray beams

Ion acceleration (maybe reduce divergence)

Production/ amplification of OAM lasers via Stimulated Raman Amplification:  J. Vieira et al., Nat. Comms (2016)
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Laguerre-Gaussian lasers drive exotic (e.g. doughnut like) plasma 
waves in strongly non-linear regimes

Non-linear doughnut bubbles

Positrons 
accelerate here
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J. Vieira and J. T. Mendonça PRL 112, 215001 (2014)

Hollow electron 
bunch

Hollow bubble

ω
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Gaussian laser

doughnut plasma 
wave

J. T. Mendonça and J. Vieira, PoP 21, 033107 (2014) 

Linear doughnut wakefields
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Particle acceleration towards the 
energy frontier and exotic waves

From radiation reaction to  
 “boiling” the vacuum 

e-e+ plasmas

http://epp.ist.utl.pt/

Challenges at ultra high intensities

L. O. Silva | Nat Fisch Symposium | March 28 2016
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All-optical radiation reaction configuration

accelerated 
electrons

laser wakefield accelerator in 
bubble regime second laser

I ~ 1021 W/cm2

Identifying radiation reaction signatures in electron beam spectrum

X-ray ( ɣ-ray ) 
detector

A. G. R. Thomas et al., PRX 2, 041004 (2012)
M. Vranic et al., PRL 113, 1348001(2014) L. O. Silva | Nat Fisch Symposium | March 28 2016



L. O. Silva | Nat Fisch Symposium | March 28 2016

~40% energy loss for 1 GeV beam at 1021 W/cm2

3D full-scale parameter scan
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Radiation reaction can be tested with state-of-the-art lasers in this configuration

1 PW
10 PW

e

M. Vranic et al., PRL 113, 1348001(2014)



Monte Carlo simulations showing pair 
production via real photons per 
electron

PIC simulations of QED cascade in 
var ious configurat ion (counter 
propagating laser, rotating field)

2012

Capturing QED in plasma simulations

20112009

Picture of a cascade in rotating field

Gamma rays from laser-irradiated solid

Dense pair Plasmas and Ultra-
Intense Bursts of Gamma-Rays 
from Laser-Irradiated Solids

2010

J. G. Kirk, A. R. Bell, and I. Arka, PPCF 51, 085008 (2009).

R. Duclous, J.G. Kirk & A.R. Bell, PPCF, 53, 015009 (2010)

Number of pairs produced

N.V. Elkina et al, Phys. Rev. ST. AB., 14, 054401 (2011)

E.N. Nerush, et al, Phys. Rev. Lett., 106, 035001 (2011)
C.P. Ridgers, et al Phys. Rev.Lett., 108, 165006 (2012)

L. O. Silva | Nat Fisch Symposium | March 28 2016



Modelling of QED cascades (& radiation cooling) 

Electromagnetic wave Electromagnetic wave

electron

Parameters 

• absorbing boundaries

• a0 = 1000

• λ0 = 1μm

• Linear polarization

• W0 = 5 μm

• τ = 30 fs L. O. Silva | Nat Fisch Symposium | March 28 2016



QED cascades in counter propagating electromagnetic fields

Textphotons positron electron

T. Grismayer et al., 2016

L. O. Silva | Nat Fisch Symposium | March 28 2016
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QED cascades: from the seed to full laser absorption  

Analytical growth rate model + 3D full 
scale parameter scan

T. Grismayer, et al.,  ArXiv: 1511.07503

Laser absorption via QED cascades
absorption model + 2D, 3D sim.

T. Grismayer, et al.,  ArXiv: 1512.05174

3000

2000

1000

0

-1000

-2000

-3000

0

-40

-20

40

20

0

-40

-20

40

20

0-50 50 0-50 50 0-50 50

x 2 [
 c

 / 
ω

0 ]

x1 [ c / ω0 ] x1 [ c / ω0 ]x1 [ c / ω0 ]

x 2 [
 c

 / 
ω

0 ]

E 2 [
 m

e c
 ω

0 /
 e

 ]

1000

100

10

1

 e
+ e

-  d
en

si
ty

  n
 [ 

n C
 ]

E2 
+ 

B2  [
 m

e2  c
2  ω

02  /
 e

2  ]

a) t = 40 ω0 -1

d) t = 40 ω0 -1

b) t = 60 ω0 -1

e) t = 60 ω0 -1

c) t = 80 ω0 -1

f) t = 80 ω0 -1

The pulses start to overlap

Early development of the cascade Zone of relativistically critical density Creation of a large-scale overdense 
relativistic hot plasma

Laser absorption in the critical zone The pulses are reflected on the critical 
interface

1000

100

10

 e
+ e

-  d
en

si
ty

  n
 [ 

n C
 ]

g) t = 65 ω0 -1 h) t = 75 ω0 -1 i) t = 85 ω0 -1

8 x 106

0

4 x 106

6 x 106

2 x 106

3000

2000

1000

0

-1000

-2000

-3000

0

-40

-20

40

20

0

-40

-20

40

20

0-50 50 0-50 50 0-50 50

x 2 [
 c

 / 
ω

0 ]

x1 [ c / ω0 ] x1 [ c / ω0 ]x1 [ c / ω0 ]

x 2 [
 c

 / 
ω

0 ]

E 2 [
 m

e c
 ω

0 /
 e

 ]

1000

100

10

1

 e
+ e

-  d
en

sit
y 

 n
 [ 

n C ]
E2 

+ 
B2  [

 m
e2  c

2  ω
02  /

 e
2  ]

a) t = 40 ω0 -1

d) t = 40 ω0 -1

b) t = 60 ω0 -1

e) t = 60 ω0 -1

c) t = 80 ω0 -1

f) t = 80 ω0 -1

The pulses start to overlap

Early development of the cascade Zone of relativistically critical density Creation of a large-scale overdense 
relativistic hot plasma

Laser absorption in the critical zone The pulses are reflected on the critical 
interface

1000

100

10

 e
+ e

-  d
en

sit
y 

 n
 [ 

n C ]

g) t = 65 ω0 -1 h) t = 75 ω0 -1 i) t = 85 ω0 -1

8 x 106

0

4 x 106

6 x 106

2 x 106

N ⇠ N0 e�t

Possibility to achieve conditions close to the Goldreich-Julian 
density e-e+ density ~ ncr ~ Goldreich-Julian density
A. Gruzinov,  Arxiv:1404.4615v1 (2014)



Heisenberg-Euler QED corrections 

* W. Heisenberg and H. Euler, Z. Physik 98, 714 (1936).

Physics below Schwinger limit Heisenberg-Euler corrections to 
Maxwell’s Equations*

Electron-positron fluctuations give rise to an effective 
polarisation and magnetisation of the vacuum which 
can be treated in an effective form as corrections to 
Maxwell’s equations. 

Valid for static inhomogeneous fields such that

Effectively, we obtain a highly non linear, non 
dispersive vacuum (e.g. M.Soljačić and M. Segev
Phys. Rev. A 62, 043817 (2000))  
 
Higher order corrections include spatial and 
temporal derivatives of these corrections. May be 
neglected for:
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first order polarization! Furthermore, we see that, aside a not so negligible
numerical constant, the relative amplitude between the k = 3 mode gener-
ated at first order, and the fundamental, unperturbed mode is

Ẽ1(k=3)

Ẽ0(k=1)
' ⇠E2

0

which is in fact, a small parameter.

3 QED revision

n̂k,� = a+k,�ak,� (32)

ˆH =

X
~!k(n̂k,� +

1

2

) (33)

a+k,� ak,� (34)

and as always in QM if we wish to calculate a given quantity we an average
in Fock space.

| 1k,� ; 0 >= a+k,� | 0 > (35)

�n =

p
<  c | n̂ |  c > = cte (36)

4 Aux expressions for Thomas slides

validity of Heisenberg Euler corrections when ! << !c with !c =
mc2

2~

L = LM + LHE + LD (37)

ES =

m2c3

e~
E << ES (38)

It is valid to neglect the dispersive terms if:

! << !c
E

ES

(39)

which is almost complementarily satisfied by the condition above for the
validity of the HE terms.

5

๏ Relevance for extreme astrophysical scenarios?  
 
๏ Effect on laser properties as we reach Schwinger 
limit? 
๏ Extract observable consequences of fundamental 
QED predictions.

๏  ELI energies will allow us to probe the dynamics of 
the Quantum Vacuum. 
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Multi mode mixing due to nonlinear vacuum corrections

Combination of odd and even harmonics is 
generated; After interaction, imprint is left in both 
pulses as they now freely propagate.

Setup with 2 Gaussian pulses propagating in 
perpendicular directions (a0 = 100, 𝜉 = 10-6, λ =  1 
μm)

L. O. Silva | Nat Fisch Symposium | March 28 2016P. Carneiro et al,. in preparation (2016)

To be explored e.g. at HIBEF (XFEL + ultra high intensity laser)
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Particle acceleration towards the 
energy frontier and exotic waves

From radiation reaction to 
 “boiling” the vacuum

e-e+ plasmas 

http://epp.ist.utl.pt/

Challenges at ultra high intensities

L. O. Silva | Nat Fisch Symposium | March 28 2016



e-e+ fireballs from laser generated beams in solids

G. Sarri et al., Nature Communications (2015)

Experimental results demonstrate formation of e-e+ fireball 

E lectron–positron (e! /eþ ) plasmas are emitted, in the form
of ultra-relativistic winds or collimated jets, by some of the
most energetic or powerful objects in the Universe, such as

black holes 1,2, pulsars3 and quasars4. These plasmas are
associated with violent emission of gamma-rays in the form of
short-lived (milliseconds up to a few minutes) bursts, which are
among the most luminous events ever observed in the Universe.
These phenomena represent an unmatched astrophysical
laboratory to test physics at its limit and, given their immense
distance from Earth (some more distant than several billion light
years), they also provide a unique window on the very early stages
of our Universe5–7. Arguably, one of the most intriguing
questions is how these gamma-ray bursts are produced. It is
generally accepted that gamma-ray bursts should arise from
synchrotron emission of relativistic shocks generated within an
electron–positron beam8,9. This radiative mechanism requires a
strong and long-lived (t # 1; 000o! 1

p , with op being the
electron–positron plasma frequency) magnetic field; however,
Weibel-mediated shocks generate magnetic fields that should
decay on a fast timescale ðt ’ o! 1

p Þ due to phase-space mixing9.
Also, diffusive Fermi acceleration, a proposed candidate for the
acceleration of cosmic rays9, requires magnetic field strengths that
are much higher than the average intergalactic magnetic field
(CnT)10. These and other questions could be addressed by ad
hoc laboratory experiments; however, the extreme difficulty in
generating e! /eþ populations that are dense enough to permit
collective behaviour11,12 is still preventing laboratory studies and
the properties of this peculiar state of matter are only inferred
from the indirect interpretation of its radiative signatures and
from matching numerical models. The intrinsic symmetry
between negatively charged (e! ) and positively charged (eþ )
particles within the plasma makes their dynamics significantly
different from that of an electron-ion plasma or from a purely
electronic beam. In the first case, the mass symmetry of the
oppositely charged species induces different growth rates for a
series of kinetic and fluid instabilities13, and significantly affects
the possibility of generating acoustic or drift waves. In the second
case, the overall beam neutrality forbids the generation of
current-driven magnetic fields that would hamper the onset of
transverse instabilities.

Different schemes have been proposed for the laboratory
generation of e! /eþ plasmas: in large-scale conventional
accelerators, the possibility of recombining high-quality electron
and positron beams via magnetic chicanes14 is envisaged and a

different approach is foreseen in confining low-energy positrons
using radioactive sources with Penning traps11,15. The proposed
APEX experiment12 builds on this idea, accumulating a large
number of positrons in a multicell Penning trap, before injection
into a stellarator plasma confinement device. The major challenge
of these schemes is the recombination of these separate electron
and positron populations. Alternative schemes have been
proposed in which electrons and positrons are generated
in situ16–21, thus avoiding the aforementioned recombination
issues. Despite the intrinsic interest of these results, the low
percentage of positrons in the electron–positron beam (of the
order, if not o10%) and the low-density reported (collision-less
skin depth much greater than the beam size, forbidding plasma-
like behaviour) prevent their application to the laboratory study
of e! /eþ plasmas. All these previous experimental attempts have
thus not been able to generate e! /eþ beams that present charge
neutrality and a plasma-like behaviour, both fundamental pre-
requisites for the laboratory study of this state of matter14.

We report here on the first experimental evidence of the
generation of a high-density and neutral electron–positron plasma
in the laboratory. Its high density ne! =eþ ’ 1016cm! 3

! "
implies

that the collision-less skin depth in the plasma is smaller than the
plasma transverse size effectively allowing for collective effects to
occur. These characteristics, together with the charge neutrality,
small divergence ye! =eþ & 10! 20 mrad

! "
, and high average

Lorentz factor (gAVE15 with a power-law spectral distribution,
comparable to what observed in astrophysical jets22) finally open
up the possibility of studying the dynamics of e! /eþ plasmas in a
controlled laboratory environment.

Results
Experimental setup. The experiment (shown schematically in
Fig. 1a) was carried out using the ASTRA-GEMINI laser system
at the Rutherford Appleton Laboratory23, which delivered a laser
beam with a central wavelength lL¼ 0.8 mm, energy on target
ELE14 J and a duration of tL¼ 42±4 fs. An f/20 off-axis
parabola focussed this laser beam (focal spot with full-width
half-maximum (27±3 mm) containing B60% of the laser energy,
resulting in a peak intensity of C3( 1019 W cm! 2) onto the
edge of a 20-mm-wide supersonic He gas jet doped with 3.5% of
N2. A backing pressure of 45 bar was found to be optimum in
terms of maximum electron energy and charge of the accelerated
electron beam as resulting from ionization injection24,25 in the
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Figure 1 | Experimental setup. (a) The laser wakefield-accelerated electrons (green spheres) impact onto a solid target, initiating a quantum
electrodynamic cascade involving electrons, positrons (red spheres) and photons (blue sinusoids). The escaping electrons and positrons are separated and
spectrally resolved using a magnetic spectrometer (details in the text) and a pair of LANEX screens. Plastic and lead shielding was inserted to reduce
the noise on the LANEX screens as induced by both the low-energy electrons and gamma-rays generated, at wide angles, during the laser–gas and
electron–solid target interactions. (b) Typical measured spectra of the electron beam without the solid target. Dashed green lines depict single-shot
electron spectra, whereas the solid brown line is an average over five consecutive shots. (c) Typical positron signal, as recorded by the LANEX screen, for
0.5 cm of Pb. The image is to scale. The white dashed lines depict the projection of the magnet gap, whereas the grey dashed lines depict the position
of 0.2, 0.5 and 1 GeV positrons on the LANEX screen.
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exclusively at low energies (Ee! ’ 5 MeV; Fig. 4d). Most
importantly, the electron and positron populations present very
similar spatial distributions (Fig. 4a,b) leading to an almost
uniform positron percentage in the e" /eþ beam (between 45
and 49%; Fig. 4c). As we shall see later, this slight charge
imbalance does not affect the plasma dynamics, which can then
be effectively considered to be neutral.

A fundamental requisite for the laboratory study of e" /eþ

plasmas is that they must present collective behaviour in their
dynamics. Collective (that is, plasma-like) effects are likely to
occur in the beam only if its transverse size DB is larger than the
collision-less skin depth (lskinCc/oprop, with oprop being the
relativistic plasma frequency). The beam density is determined by
the temporal duration of the beam (that relates to its longitudinal
extent) and its transverse size. The primary electron beam exits
the gas jet with a typical temporal duration comparable to half the
plasma period within the gas32: tplC(13.0±0.3) fs. The semi-
analytical model for the quantum cascade inside the Pb indicates
an average temporal spreading across different spectral
components of the beam of the order of 1–3 fs, resulting in a
beam duration of te" =eþ ’ 15 ! 2 fs. As intuitively expected,
the lower energy electrons and positrons will escape the solid
target in a wider area if compared with their higher energy
counterparts. FLUKA simulations confirm this expectation and
indicate, for d¼ 2.5 cm, a maximum transverse size of the beam
of the order of DBC200±30 mm. For these parameters, we thus
obtain a particle density in the laboratory reference frame of the
order of neC(1.8±0.7)% 1016 cm" 3, implying a beam proper
density of nprop¼ ne/gAVC(1.5±0.5)% 1015 cm" 3 (Fig. 5b). The
relativistically corrected collision-less skin depth of the beam is

thus lskinCc/oprop(160±30) mm. This value is smaller than the
beam transverse size, indicating that the generated particle beam
is a neutral e" /eþ plasma. It is interesting to note that the
occurrence of collective behaviour (that is, the situation in which
DB/lskinZ1) does not depend on the beam transverse size DB
since, based on the considerations presented above, it can be

expressed as: DB=lskin & 4:1%10" 4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N= gAVtpl½fs(
" #q

& 1:4 for
our experimental parameters (here N indicates the overall
number of leptons in the beam).

Discussion
The presented characteristics of the e" /eþ plasmas generated in
our experiment are appealing for the laboratory study of the
dynamics of this exotic state of matter. As an example, a
particularly active area of research in this direction is the
determination of the growth and evolution of kinetic instabilities,
which are extensively modelled in order to interpret peculiar
astrophysical observations such as the emission of gamma-ray
bursts33–36. It is widely accepted that these ultra-bright bursts
result from synchrotron radiation generated via relativistic shocks
triggered during the propagation of an electron–positron beam
through the low-density intergalactic medium37. This scenario is
now reproducible in a laser-driven experiment in which the
photoionized residual low-density gas inside the target chamber38

can act as the background electron-ion plasma. In this case, the
growth rate for transverse instabilities can be estimated as: GTR&ffiffiffiffiffiffiffi

2=g
p

oei=ð1þbspreadÞ (ref. 13), with bspread and oei being the
velocity spread of the e" /eþ beam and the plasma frequency
of the e" -ion plasma, respectively. It is worth noticing that in the
ultra-relativistic case, the weak dependence of the growth rate on
the beam velocity spread significantly relaxes constraints on the
spectral shape of the electron–positron beam. We can assume
oeiE1.5% 1012 Hz (neiE6% 1014 cm" 3 as resulting from full
photoionization of the background gas) and bspreadE0.1
(b¼ 0.87 and bE1 for a 1 MeV and a 500 MeV particle,
respectively). We thus have GTR¼ 5% 1011 Hz for gAV¼ 15
implying a typical time for the instability to grow of the order of
2 ps. Numerical simulations indicate, in the initial instants of the
instability, that up to 10% of the average particle energy in
the beam can be transformed into electromagnetic fields in the
plasma implying fields with an amplitude of the order of the
megagauss; once saturation is reached, this value drops to B1%
(ref. 13). It is worth noticing that this is similar to what expected
for gamma-ray bursts (0.1–1%; ref. 39). This timescale and field
amplitude are within reach of plasma radiography techniques
such as proton imaging40, a highly encouraging factor for the
application of these plasmas for laboratory astrophysics.

In order to check the validity of our estimates, we have carried
out three-dimensional (3D) particle-in-cell (PIC) simulations
using the PIC code OSIRIS41,42 (see Methods section). Simulation
results are illustrated in Fig. 6. During its propagation through a
denser e" -ion plasma, the e" /eþ is subject to the Weibel/
current filamentation instability leading to the formation of
electron and positron filaments with thicknesses of the order of
the beam skin depth. The electron and positron filaments
spatially separate from each other leading to net localized
currents and the generation of the corresponding azimuthal
magnetic field structures with maximum amplitudes of the order
of 40 T in the middle of the bunch. At early times, the simulations
show that the transverse scale length of the filaments is even
shorter than the initial beam skin depth. To further understand
the impact of charge neutrality on the instability onset, additional
3D simulations were performed using a purely electronic bunch
of same characteristics. In this case, the electron bunch generates
plasma wakefields, and neither filamentation of the beam (insets
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Figure 5 | Density of the leptonic beam (a) Number of relativistic
electrons (Ee"41 MeV; Ee" FLUKA, green crosses) and positrons
(Eeþ41 MeV; Eeþ FLUKA, brown circles) in the beam as a function of the
thickness d of the solid target. (b) Density of relativistic electrons (green
crosses) and positrons (brown empty circles) as a function of the thickness
d of the solid target. The solid lines represent the density in the laboratory
reference frame, whereas dashed lines represent the beam proper density.
A neutral electron–positron plasma is obtained for dZ2.5 cm. Lines are
drawn only as a guide for the eye.
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e-e+ fireball is neutral
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G. Sarri et al., Nature Communications (2015); G. Sarri et al., in preparation (2016)

e-e+ fireballs to explore Weibel instability
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e-e+ plasma 
Additional source of secondary radiation (e.g. gamma rays)

Platform to understand microinstabilities of relevance in astrophysics
“Dark electromagnetism” 
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Pulsar magnetospheres

Scenarios where all this comes together
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Summary
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A wide range of extreme 
laboratory and astrophysical 
scenarios can now be explored 
and captured by ab initio plasma 
simulations encompassing physics 
beyond classical plasma physics 

Upcoming lasers at ultra high 
intensities (and the prospects 
provided by Raman/Brillouin 
amplification & compression) will 
allow for the exploration of a new 
range of phenomena

http://epp.ist.utl.pt/


