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Ø   Collimation and propagation dynamics in magnetized flows 

Ø   Radiative and reverse-radiative shock systems 

Ø   Collisionless shock interactions 

Ø   Instabilities in plasma – RT, RM, KH, MRI, MTI 

Ø   Equation of state – planetary and stellar interiors 
 
Ø   Nucleosynthesis - relevant Gamow energies in a ‘thermal’ plasma 

Ø   Relativistic electron-positron plasmas 
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Relativistic plasmas is an emerging field in laboratory astrophysics  
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Ø   Many of the most energetic events in our universe involve relativistic 
plasmas: GRBs, collisionless shocks – cosmic ray generation, etc. 

Ø   The plasma must be near neutral and exhibit collective behavior to study 
astrophysically relevant dynamics 

Ø   Intense lasers provide a unique opportunity to study the detailed physics 
of these relativistic systems under controlled conditions 



Gamma-ray Bursts emit high-energy radiation 
in prompt and extended durations 

5 

Image Credit: NASA's Goddard Space Flight Center 
http://www.nasa.gov/content/goddard/nasa-sees-watershed-cosmic-blast-in-unique-detail 
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Transport 
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conversion to 

extended emission 
Piran, PR 314 (1999) 



Relativistic plasma physics relevant to GRBs 
can be studied in the laboratory 
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Relativistic 
“fireball” 

interacting 
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“fireball” interacts 
with ISM 



The laboratory “fireball” must behave as a plasma 
to be relevant to astrophysical dynamics 
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Relativistic 
“fireball” 

Consider a relativistic 
 e- - e+ plasma 

(1)  Quasi-neutral 

(2)  Collective Behavior 

Ne− ≈ Ne+

Lfireball > ℓ skin =
c
ω p

Lfireball

cτ fireball

ω p =
e2 ne− + ne+( )

ε0γme

3.9×10−4 Ne− + Ne+

γτ fireball 10
−15s#$ %&
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A plasma with these characteristics may be created in 
the laboratory with ultra short-pulse laser systems. 

Sarri, Nat. Comm. 15 (2015) 



Relativistic pair-production in the laboratory 
requires relativistic electrons 
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Trident Process 

Ee− > 2mec
2

Bethe-Heitler (BH) Process 

Ee− > 2mec
2

The Bethe-Heitler process dominates pair-production in 
materials with high atomic number (Z). 



Creating a relativistic plasma jet in the lab is a 2-phase process 
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Creating a relativistic plasma jet in the lab is a 2-phase process 
Phase I: Generate a relativistic electron bunch 
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ultra short-
pulse laser 

doped gas 

τ~40 fs 
I~1020 W/cm2  

Phase I 

Tajima, PRL 43 (1979); McGuffey, PRL 104 (2010) 

“Wakefield acceleration” provides an efficient mechanism to 
create tailored relativistic electron bunches 

relativistic 
e- bunch 

τ e− ≈13 fs

power of 24 TW, argon also showed a substantial charge
increase, Fig. 1(b). Neon and other higher Z gas additives
consistently decreased the beam charge in all cases at
30 TW, Fig. 1(c). At 120 TW, using neon, an improvement
in the mean trapped charge compared with helium was
recorded, Fig. 1(d). More interestingly, this behavior was
significantly different from the 30 TW case, Fig. 1(c).

These results can be understood by consideration of the
optical field ionization thresholds for the different species
[19]. Both nitrogen and argon have a number of L-shell or
M-shell electrons with a field ionization intensity threshold
of IBS < 1017 Wcm!2, and can be considered preionized
before the formation of the bubble.

However, the K-shell electrons for nitrogen have a
threshold intensity for ionization of IBS " 1019 W cm!2,
and so the majority of these electrons will be freed near the
peak of the pulse. Likewise, the L shell of argon has eight
electrons with ionization threshold intensities ranging from
1018 & IBS & 1019 W cm!2, and so a proportion of the
electrons are expected to be freed near the peak of the
pulse. Xenon and krypton have large numbers of outer
shell electrons at low ionization thresholds that presumably
cause ionization defocusing of the pulse and prevent stable
wakefield formation, which could be observed in interfer-
ometry images. Neon has an L shell which is fully ionized
below an ionization threshold of IBS < 1017 Wcm!2, but
itsK shell is ionized at close to IBS " 1020 W cm!2, which
is significantly higher than the peak intensity of the laser at
30 TW. This explains the different behavior of neon addi-
tive at 120 TW vs 30 TW. For the case a > 1, where a is the
normalized vector potential, the peak bubble electric field
scales like ð!0=!pÞ % EL, where !p is the plasma wave-

length and EL is the peak laser field, and so is likely 20 or
30 times less than EL in our experiments. The intensity and
species dependent increase in charge is a strong indication
of an ionization trapping mechanism with ionization by the
laser field.

Adding too much higher Z gas, of any species, was also
found to be detrimental to electron injection, also due to
ionization defocusing (for example, Fig. 1(b), far right).
The mixing chamber apparatus allowed for systematic con-
trol necessary for this study. However, by merely exposing
the gas lines to a small quantity of air before filling with
helium, results similar to the nitrogen additive run were
achieved.

Typical electron spectra obtained on the experiment are
shown in Fig. 2. Panel (a) shows typical He and Heþ N2

spectra superimposed, to demonstrate that the increase in
charge is not at the expense of mean energy, for otherwise
identical conditions. Figures 2(b) and 2(c) show electron
spectra obtained with argon and neon additive, respec-
tively, which are clearly quasimonoenergetic. The mean
energy of the electron beams produced by ionization trap-
ping was measured to be the same, within statistical error,
as from those produced by self-trapping in helium only.
This is to be expected, as ionization should not signifi-

cantly modify the bubble structure due to the bulk of
electrons being preionized in all cases studied.
The beam divergence was measured by imaging a Lanex

screen placed 1 m behind the target with the magnet
removed. Typical profiles are shown in Fig. 3. The mean
divergence in the vertical direction was 5:1' 1:0 mrad,
averaged over 5 shots for the case of pure helium and 2:9'
0:8 mrad averaged over 8 shots for Heþ 1% Ar. The
integrated charge from the shots with Ar additive was, on
average, twice that of shots with pure He. Although not a
measure of the transverse emittance of the beam, it can be
inferred that the increased collimation of the beam corre-
sponds to an improved emittance, if a comparable source
size is assumed.
To analyze the effect of the ionization dynamics on

trapping mechanisms and acceleration of trapped elec-
trons, the two dimensional particle-in-cell code PICNIC

was used. In the code, field ionization is accounted for
using the Ammosov-Delone-Krainov model [20]. The en-
ergy loss to ionization of atoms from the fields is accounted
for in Maxwell’s equations through an energy balance
expression. All electrons are tagged based on the ionization
state from which they originate. In a typical run, the spatial
grid has 16 cells per laser wavelength, and 20–30 macro-
particles per cell.
Numerical calculations were performed for conditions

similar to those of the 30 TW experiment, in a gas density
of 1019 cm!3. Computational runs were performed for (i) a
fully ionized helium plasma, (ii) helium gas including field
ionization, and (iii) a mixture of 95% helium and 5%
nitrogen, including field ionization. As expected, there
are no significant differences between cases (i) and (ii).
For case (iii) it was found that the spectrum includes a

FIG. 2. (a) Electron spectrum from a 30 TW shot with a target
of pure helium (grey) is enhanced greatly by a mere 1% N2

additive (solid black), while the charge-weighted average energy
remains the same. Note in this particular graph the scale is
logarithmic. The beam can be reasonably monoenergetic at an
appropriate density for both the pure He and N2 cases.
(b) Monoenergetic spectrum from a 24 TW shot with 1% Ar
additive. (c) Spectrum from a 120 TW shot with 1% Ne additive.
(d) Spectrum from particle-in-cell simulation of 30 TW shot
with a target of Heþ 5% N2.

PRL 104, 025004 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

15 JANUARY 2010

025004-3

1% N2 1% Ar 

1% Ne 



Creating a relativistic plasma jet in the lab is a 2-phase process 
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Creating a relativistic plasma jet in the lab is a 2-phase process 
Phase II: Convert electrons to pairs 
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Creating a relativistic plasma jet in the lab is a 2-phase process 
Phase II: Convert electrons to pairs 
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gas jet. Optical interferometry of the laser–gas jet interaction
indicates this gas–pressure to correspond to a plasma density of
npl¼ (6.0±0.2)" 1018 cm# 3. This interaction produced a
reproducible electron beam (shot-to-shot fluctuation in charge
and maximum energy below 10%) with a broad spectrum with
maximum energy of the order of 600 MeV, full-width half-
maximum divergence of 2 mrad and an overall charge of
(0.3±0.1) nC, corresponding to (1.9±0.6)" 109 electrons (see
Fig. 1b for typical electron spectra and their average). This
electron beam was then directed onto a Pb solid target of different
thicknesses covering multiples of the material’s radiation length
(d¼ 0.5, 1, 1.5, 2, 2.5, 3 and 4 cm, given that the radiation length
for Pb is LradE0.5 cm (ref. 21)). The electrons and positrons
escaping from the rear side of the target were then separated and
spectrally resolved by a magnetic spectrometer. The details of this
detector can be found in the Methods section.

Experimental results. A scan in target thickness was performed
in multiples of its radiation length and the obtained positron
spectra, each resulting from an average over five consecutive
shots, are depicted in Fig. 2 (see Fig. 1c for the raw signal
recorded on the LANEX screen for d¼ 0.5 cm). All spectra are in
good agreement with the ones resulting from matching simula-
tions using the Monte Carlo scattering code FLUKA, which
accounts for electromagnetic cascades during the passage of an
electron beam through a solid target26 (see Methods section). A
maximum positron energy of EMAX¼ 600 MeV is obtained for
dELrad (that is, 5 mm; Fig. 2a), whereas a maximum positron

yield is obtained for dE2Lrad. For thicker targets, the maximum
energy gradually decreases as it should be expected due to
increased probability of energy loss during the propagation of the
generated positrons through the rest of the solid target. For a
similar reason, a thicker solid target allows a lower number of
electrons and positrons to escape it. This is quantitatively shown
in Fig. 3, which depicts the measured number of electrons and
positrons (energy exceeding 120 MeV; see Methods section) at the
exit of a solid target, as a function of its thickness.

In order to quantitatively explain the observed trends, we have
employed a simple analytical model for a quantum electro-
dynamic cascade that only includes the emission of photons by
electrons and positrons via bremsstrahlung27 and the creation of
an electron–positron pair by a photon28, both processes occurring
in the field of a heavy atom. We thus neglect additional energy
losses as resulting, for instance, from Compton scattering with the
electrons of the atoms and from the ionization of the atoms
themselves (see Methods section). This model is able to

Energy (MeV)
200 250 300 350 400 450 500 550 600

0

2

4

6

8 FLUKA positrons
Experiment positrons
Experiment electrons
FLUKA electrons

1

2

3

4

5
FLUKA
Experiment

0.5

1

1.5

2
FLUKA
Experiment

MeV
0 50 100 150 200

0
1
2
3

×105

×105

×104

×106

N
 /

 M
e

V
e

+
/ 

M
e

V

e
+
/ 
M

e
V

e
+
/ 

M
e

V

Figure 2 | Positron spectra. Measured positron spectra, as resulting from
the average over five consecutive shots, (solid lines) compared with that
obtained from FLUKA simulations (dashed lines) for d¼ 5 mm (a), d¼ 2 cm
(b) and d¼4 cm (c). In this latter case, also the spectrum of the electrons
escaping the target is plotted. Its similarity with the positron spectrum is a
clear indication of the generation of a neutral electron–positron pair beam.
The inset in a shows the simulated positron spectrum at low energy for
d¼ 5 mm, indicating a Jüttner–Synge distribution.
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Figure 3 | Percentage of positrons in the leptonic beam. (a) Measured
(blue circles) and simulated (red crosses) number of positrons
Eeþ4120 MeVð Þ as a function of the Pb thickness (Neþ EXP, see main text).

The green dashed line represents the analytical prediction (discussed in the
text). (b) Measured (blue circles) and simulated (red crosses) number of
electrons Ee#4120 MeVð Þ as a function of the Pb thickness (Ne# EXP, see
main text). The green dashed line represents the analytical prediction
(discussed in the text). For these two frames, error bars lie within the size
of the circles. (c) Percentage of positrons in the leptonic jet: measured (full
blue circles), simulated (red crosses) and analytical prediction (green
dashed lines). For all panels, the error bars mainly arise from shot-to-shot
fluctuations. FLUKA simulations indicate that the overall number of
relativistic electrons and positrons (EeZ1 MeV) behave in a similar manner.
The percentage of positrons in the beam reaches B50% for
d42.5 cmE5Lrad.
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Creating a relativistic plasma jet in the lab is a 2-phase process 
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This technique can create a quasi-neutral relativistic 
plasma jet that behaves collectively. 



Relativistic electron-positron jets can be created to 
investigate physics relevant to GRBs  
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- double-peaked spectrum for 
the electron-positron plasma 

interacting 
“fireballs” 

“fireball” interacts 
with ISM 

- Interaction with background 
plasma or gas 

Measured γ-ray spectra from these well characterized 
systems will provide concrete data to benchmark models. 



PIC simulations suggest that filamentary structure  
will form in a background plasma 
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in Fig. 6c) nor the generation of strong magnetic fields (inset
Fig. 6d) are observed. These results corroborate the expectation
that current filamentation instability growth can be controlled by
changing the beam overall total charge and it is maximized for a
purely neutral e! /eþ plasma.

Finally, we performed an additional 3D PIC simulation
devoted at studying whether a slight charge imbalance in the
e! /eþ plasma could result in a change in the plasma dynamics if
compared with the idealized perfectly neutral plasma scenario.
We have thus maintained exactly the same conditions as the other
simulation, with the only difference that now the positron
account for 45% of the plasma population, in order to match our
experimental findings more closely. The obtained spatial
distribution of the e! /eþ plasma after propagation through
the background electron/ion plasma is shown in Fig. 6e,f,
indicating essentially no difference if compared with the purely
neutral case. This statement is corroborated by the growth of
magnetic fields due to Weibel instability. This is plotted in Fig. 6g
that shows virtually the same magnetic field growth for the purely
neutral case (blue line) and for the slight charge imbalance (red).
For the point of view of studying electron–positron plasma
dynamics in the laboratory, the e! /eþ plasma generated in our
experiment is virtually indistinguishable from the idealized purely
neutral beam.

On the other hand, the beam might also be susceptible to
longitudinal instabilities34,43, which would induce a broadening
of the e! /eþ spectrum and generation of strong fields in the
background plasma. For d¼ 4 cm (neutral beam), the measured
electron and positron spectra are indeed flatter than the ones

predicted by FLUKA, which does not include collective behaviour
of the beam particles during propagation through the background
e! -ion plasma (Fig. 2c). For d¼ 0.5 cm (highly charged beam),
simulations and experiments agree much more closely. The
spectral flattening may also be produced by kinetic self-focusing
of the beam44,45.

In conclusion, we have reported on the first creation of a neutral
electron–positron plasma in the laboratory. Its overall charge
neutrality and plasma-like behaviour are an absolute novelty in the
field of experimental physics and, in conjunction with the small
divergence and high energy of these plasmas, finally allow for the
laboratory study of this unique state of matter.

Methods
The electron–positron spectrometer. The magnetic spectrometer comprised a
pin-hole entrance with a diameter of B15 mm through 5 cm of plastic followed by
5 cm of lead. This plastic–lead wall was indeed necessary in order to shield the
particle detectors from noise generated during the electron beam impact onto the
solid target. After this, a dipole permanent magnet (B¼ 0.8 T, length of 10 cm) was
inserted to spectrally resolve the electrons and the positrons, which were recorded
by two LANEX screens46. This arrangement allowed us to resolve particle energies
from 120 MeV to 1.2 GeV. The LANEX screens were cross-calibrated using
absolutely calibrated Imaging Plates47. The small difference in stopping power (of
B2%; ref. 48) between electrons and positrons was taken into account in calibrating
the LANEX screens. Every electron or positron spectrum shown in the manuscript
results from an average over five consecutive shots. The energy resolution of the
spectrometer can be approximated in the ultra-relativistic limit, as:

dE
E
$ DsþDlð ÞRys

Dl ! Lm=2ð ÞLm
ð1Þ

Where Ds is the distance from the source to the magnet entrance, Dl is the
distance from the entrance of the magnet to the detector (1 m), RLEE/(ecB) is the
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Figure 6 | PIC simulations of the leptonic beam dynamics in a background electron-ion plasma Simulation results of the propagation of an e!/eþ

plasma through an e! -ion plasma. The first row depicts the results for a perfectly neutral beam (50% electrons and 50% positrons). (a) Electron (blue)
and positron (red) density isosurfaces showing growth of the Weibel instability at the back of the bunch. (b) Magnetic field (By) filaments due to the
Weibel instability, where the By lies on the plane transverse to bunch propagation direction. (c) Fireball bunch density slice taken at the position of the
dashed line in a. (d) Corresponding magnetic By filaments taken at the same location. The insets in c,d show the electron density and magnetic field
corresponding to the propagation of a purely electronic beam showing no onset of filamentation. Frames (e,f) depict the results for an analogous
simulation, with the only difference that now the positrons account only for 45% of the beam. The frames show slices of the electron (blue) and positron
(red) spatial distribution, similar to frame a. (g) Comparison between the magnetic field growth for the case of a purely neutral beam (blue) and a slightly
asymmetric beam (45% of positrons, red). For what concerns the plasma dynamics, the two cases are virtually undistinguishable.
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50:50 electron:positron jet traversing a uniform electron-ion plasma  

-  Syncrotron emission from the self-generated/amplified fields 
-  Filament generation and characterization 

-  Collisionless shock formation 
-  Particle acceleration 



Relativistic plasmas is an emerging field in laboratory astrophysics  
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Ø   Many of the most energetic events in our universe involve relativistic 
plasmas: GRBs, collisionless shocks – cosmic ray generation, etc. 

Ø   The plasma must be near neutral and exhibit collective behavior to study 
astrophysically relevant dynamics 

Ø   Intense lasers provide a unique opportunity to study the detailed physics 
of these relativistic systems under controlled conditions 




