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Abstract
Ab initio simulations of the propagation in a plasma of a soon to be available relativistic
electron–positron beamor fireball beam provide an effectivemean for the study ofmicrophysics
relevant to astrophysical scenarios.We show that the current filamentation instability associatedwith
some of these scenarios reaches saturation after only 10cmof propagation in a typical laboratory
plasmawith a density∼1017 cm−3. The different regimes of the instability, from the purely transverse
to themixedmode filamentation, can be accessed by varying the background plasma density. The
instability generates large local plasma gradients, intense transversemagneticfields, and enhanced
emission of radiation.We suggest that these effectsmay be observed experimentally for the first time.

1. Introduction

Several astrophysical scenarios lead to extreme physical regimes, typically observed on Earth in the formof
radiation and cosmic rays. These regimes encompass a set of phenomena such asmagnetic field generation,
shock formation, energy transfer processes, and non-thermal particle acceleration (for a review, see [1]). In the
particular case of the fireballmodel of gamma ray bursts (GRBs) [2], the kinetic energy of an ultra-relativistic
plasma shell, with an arbitrarymixture of electrons–positrons–ions ( - + +e e p ), is converted into radiation as
moving shells collide, but the specific conversionmechanism is still an open question. Relativistic flows are also
frequent in shockwaves and pulsar wind nebulae, where relativistic shells interact with a background plasma [3].
It is very difficult to reproduce these astrophysical conditions in the laboratory, and the studies of the nonlinear
physical phenomena are essentially simplified analyticalmodels and numerical simulations (see [4–8] and
references therein). Identifying the laboratory conditions that can validate the conclusions reached in previous
studies is thus of paramount importance. Progress in laser technology, for instance, already suggests the
possibility to explore experimentally scaled-down astrophysical phenomena in laser–plasma interactions [9, 10].

In this Letterwe focus ona scenario similar to thatwidely believed to bepresent in, and at the origin ofGRBs,
by examining the collisionof a relativistic - +e e beamorneutral plasma (thatwe call afireball beam)mimicking a
realistic plasma shell, with a static plasma consisting of e− andp+. The interaction leads to currentfilamentation
instability (CFI), orWeibel instability [11, 12], which generates very largemagneticfields as the beamplasma
interaction evolves. The self-consistent evolution of electric (E) andmagnetic (B)fields, and the resulting radiation
generation as particles propagate inCFIdriven turbulence are observed.Here, we consider conditions thatwill
soon become available in the laboratory, and focus on the direct observationof theCFI of an - +e e neutral beam.
Wealso examine thepossible experimental detectionof thenonlinear stageof this instability as a function of its key
parameters, through imaging of the associatedplasma gradients, detectionof thebeam radiation, and theB-field of
thebeamfilaments.Our results show that the role and the dynamics of theplasmamicroinstabilities associated
with the collisionof a relativisticfireballwith a plasmamaybeprobed in the laboratory.

Recent theoretical [13] and numerical results [14–17] have shown the relevance of theCFI for GRBs
scenarios and for the onset of relativistic shocks in unmagnetized plasmas [6, 8, 18, 19].Moreover, the
consequences of the excitation of themixedmode, or tiltedfilamentation [20], in the long time evolution of the
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generated E/B-fields remains to be addressed; it was suggested that this preferentialmode excitationwill lead to
significant beam spraying [15, 21], but the impact on the saturated level of the fields was not discussed.
Experimental evidence for the radiation signatures fromWeibel turbulence [22], the energy transfer rate from
thefireball to theB-field, and the long time evolution of the self-generated E andB-fields are critical inputs to the
existingmodels, to performdirect comparisonswith astronomical observations, and to assess the relevance of
theCFI to relativistic astrophysics.

Relativistic e− beams are available inmany laboratories around theworld, while e+ beams are not. Recent
numerical studies of a plasma-based, - +e e accelerator concept based on the plasmawakefield accelerator
(PWFA) [23]have revealed that itmay be advantageous to accelerate a e+ bunch on thewake driven by an e−

bunch [24]. Ultra-relativistic e− and e+ bunches suitable to test this acceleration scheme are available at the
SLACNational Accelerator Laboratory. For this test, the distance between the e− and the e+ bunchmust be
adjustable and on the order of the plasmawavelength or about 100μm.Adouble or sailboatmagnetic chicane
has been developed [25], that allows for the adjustment of the spacing between the two bunches, andmay be used
to overlap the two buncheswith equal charge, both in space and time to effectively create a relativistic fireball
beam. This willmake possible the first ever collision between relativistic neutral plasmas in the laboratory: a
relativistic - +e e plasma onto an - +e p plasma at rest, separating the effects of the space charge fields associated
with a charged beam.

2. Particle-in-cell (PIC)-simulations of afinite neutral beam interactionwith plasma

Weinvestigate thepropagationof the SLACfireball beam in apre-formedplasmawithnumerical simulations
performedwith the fully relativistic, fully electromagnetic, andmassively parallel PICcodeOSIRIS [26].
This simulation frameworkhas been extensively used for studies of laser/beamplasma interaction (e.g. [27]),
and astrophysical regimes (e.g. [14, 15, 28]), amongothers.The system is studiednumericallywith a
205×205×82 μm3windowmoving at the speedof light along the z-direction, anddiscretized in 400×
400×80 cellswith absorbingboundary conditions for thefields and for theparticles in the transverse x, ydirections.
Thefireball beam is definedwithGaussianprofiles in all directionswith rms sizes:σx=σy=2σz=2 c/ωpe=20.
4μm,where w = n e me epe

2
0

1 2( ) is the e−pulsationof the rest plasmawithdensityne=2.7×1017 cm−3. The
standardbeamused in the simulationshas 1.8×1010 e−, and the samenumberof e+, all with an incoming energyof
29GeVandanormalized emittanceof 2×10−5m rad, corresponding to apeakbeamdensitynb=ne, and a
transverse thermal spread = ´ -v c 1.7 10th

5. A total of∼7×107 simulationparticles (plasma andbeam) is
pushed for w~ c10 10 cm4

pe  of pre-formedplasma (20 cmwere also simulated to confirm the saturated state
parameters). The time step is 0.033/ωpe. Theneutrality of thebeamguaranties its propagation at constant radius.A
backgroundoffixedp+ is assumed for thepre-formedplasma: quantitative variationsbelow1%wereobtained for the
standard casewhenusingmobile p+.Note also that, as in astrophysics, these parameters correspond to a collisionless
fireball-plasma interaction: n w = - 10ei pe

18( ), whereνei is thebeam - +e e, -backgroundp+ collision frequency.

2.1. Simulation results and discussion
Figures 1(a)–(c) show the structure of the fireball beam after 10cmpropagation in the laboratory plasma, or,
equivalently, to the propagation of afireball with a density 1cm−3 in>50 km in the background density of
1cm−3. TheCFI generates well-defined current (and density)filaments, which size increases as the beam
propagates in the plasma, andmay grow to a thickness above 5 μm wc0.5 pe . These conditions correspond to
a beamwith s wc 2r pe( )  , which explains the fewfilaments obtained at saturation, reachedwhen the
filaments coalescence ceases and theB-field energy remains constant. The large currents associatedwith the
beamfilaments generate localB-fields up to 2MGauss (figure 1(d)). The space charge separation, also associated
with thefilaments, leads to radialE-fields as high as ´ -5 10 V cm8 1. The presence of obliquemodes/tilted
filamentation [20, 21] is clear onfigure 1(c) showing that, as expected, the beam can excite a combination of
transverse (filamentation) and longitudinal (two-stream-like) instabilities. Finally, a systemoffilaments is
present in the background plasma, behind the beam, evidencing a 3D structure. As the filamentsmerge, the
space-charge separation leads to the plasma blowout and to the generation of strong E-fields.

This scenario is in stark contrast with that of a pure e− beam interactingwith the same plasma, as in the
recent PWFA experiments [29]. Simulations and experiments for an e− beamwith the same transverse size show
that, for these parameters, the beamdrives strong plasmawakefields that focus the beam to a narrow radius after
one quarter betatronwavelength l pg w=b c4 2 4 5 mm3 2 1 2

pe( )  , and the beam envelope experiences
oscillations along the plasmawith periodλβ/2.NoCFI is observed under these circumstances.

Infigure 2,wepresent the evolutionwith propagationdistance in the plasmaof the total normalized energy in
theB-field, òB for different beam/plasmaparameters, illustrating the exponential growth and saturationwithin the
10 cmrange. The growth rates ( w w wG ´ G ´ G ´- - -2.0 10 , 1.7 10 , 2.3 10std pe

3
hot pe

3
high pe

3   ) are
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within the rangepredicted for this configuration for the purely transverseCFI ( w b g bG +2 1max pe 0 0 th[ ] ,
with b = v cth th the particle thermal rms spreadof velocity [14, 15]). Amore detailed analysis reveals, however,
that for higher plasmadensities (keeping the beamdensityfixed) the growth rate is higher, but the saturated level of
theB-field is lower. The former is an indicationof the spatial-temporal character of the instability in this
configuration,while the latter is an evidence for the different saturationmechanisms involvedwhen themixed
mode/tiltedfilamention is dominant [20].

Thefinite transverse dimension of the beamdetermines (i) the longest wavenumber that can be excited, and
(ii) the typical noise source for the instability. Since the beam is cold, the growth rate is already close to its

Figure 1.Beamdensity andB-field after 10cmpropagation in a plasmawith = ´n 2.7 10e
17 cm−3. (a) Isosurfaces of e− (blue) and

e+ (red) density; projections correspond to the integration along the corresponding direction. (b), (c) 2D central beamdensity slices

(e− blue, e+ red). (d) 2D central slice of radialB-field, = +B̂ B Bx y
2 2 , responsible for particle transversemotion and radiation

(vectors representB-field lines). (e) Integral ofBy along y (ò òB y yd dy ), measurable experimentally by Faraday rotation.

Figure 2.Evolution of the equipartition parameter òB, i.e. the totalB-field energy ( + +B B Bx y z
2 2 2)normalized to the kinetic energy of

the particles g= - V1p b0( ) , (Vb the volume of the beam) for different beam and plasma parameters. Values are normalized to B0,
whereB0 is thefieldwhen the growth becomes exponential (after∼0.1 mm, or 10/ωpe). Standard case (solid line): fireball beamwith
2×10−5m rad emittance, in a plasmawith ne=2.7×1017 cm−3 (which also defines the baseline density for the normalization).
The dotted line illustrates the linear growth rate. Slices of the density in themiddle of the beamafter∼1.5cmof plasma (plotted in
blue) illustrate the difference in the instability structure. The inset includes the trajectories of two fireball electrons for the standard
case.
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maximumvalue forwavenumbers such that wk c pe. On the other hand, the finite length of the beam impacts
the two-streammode (or in themore general formof the filamentation instability, the obliquemode) [21].

The growth of thesemodes is intrinsically spatiotemporal. This calls for a spatiotemporal theory for the
propagation of thefireball beam, including both the spatiotemporal description of the purely transverse CFI,
which is available [30], and the spatiotemporal character for the two-stream instability, which provides the
dominant effect [31].

The spatial-temporal theory for the two-stream instability [31]predicts that anE-field perturbation excited at
the vacuum/plasma interface (x=0 and t=0)will growwith w yµexp i pe[ ] y w gx n nexp 3 3 4 e

2 1 3
pe[( )( ) ]

where y = -t z vb is thedistance to the head of the beam. In the beamregion, for the samedistance in the
laboratory and assuming the same initial perturbation in the longitudinalE-field, the amplifiedfield in the
standard case is approximately twice the amplifiedfield in thehighplasmadensity case. This is consistentwithwhat
weobserve in the simulations, namely the fact that themixedmodehas clearly developedmore strongly in thehigh
density scenario. The coupling of the excited longitudinalfieldwith the transversefield leads to the excitation of the
mixedmode [20, 21], as clearly seen in thehighdensity case (figure 2): thefilaments are tilted, which indicates that
theparticles can detrapmore easily, leading to a lower current and thus to a lower saturatedB-field.

2.2. Interaction of a relativistic e− and e+ beamwith offset with plasma
Our simulations assumed that the beams are aligned on-axis. Thus, the noise source for theCFI comes from the
initial thermal fluctuations of the beam,which provide highermagnetic field seed values at larger wavenumbers.
An additional noise source for the instability will appearwhen the beams are not perfectly aligned. Using
Ampere’s law, it is straightforward to show that the corresponding noise source is stronger at wavelengths
comparable to the beamwidth,σr.When the transverse size of the beam ismuch higher than the plasma skin
depth, it is still possible to observemultiple filaments as theCFI growth rates are also smaller for smaller k.
However, whenσr is comparable to the plasma skin depth, initialmisalignments can quickly separate beam
electrons frombeampositrons, still leading to a twofilamentary structure. In this case, to observemore
filaments, ensuring that additional noise sources [32] are present to ensure stronger initialmagnetic field
seeds at k�1/σr is required.

3. Experimental prospects

The interactionof the relativistic e− and e+with theB-fields confining the currentfilaments leads to the emissionof
synchrotron radiation.Theoscillatorymotionof the charges in the transverse directions due to the radialE-fields
associatedwith thefilaments of opposite charges leads to the emissionof betatron radiation. Inboth cases, the
radiation is incoherentwith thewiggler strengthparameter gº =b bK a k r 1 , for kβ the betatronwavenumber

and r theorbit amplitude.The spectra have aphotoncritical energy w g= = E e B m cesyn syn
3

2
2∣ ∣ 

E B120 MeV 30 GeV 2 MG2( )( [ ]) [ ] for the synchrotron radiation, and w g= =b b b E r3

2
3 

h -n0.6 MeV 10 cme
17 3 1 2( ) ( [ ]) for the betatron radiation,whereη;1describes the typical radius of thefilaments (in

units of c/ωpe). Simulation results indicate that these two radiationprocessesmight not bedistinguishable [33], at
least for the initial stage, since Ê and B̂ grow together.After a significantfield growth in theCFI driven turbulence,
however, thefield structuremay lead todifferent spectral signatures, as previously hinted in [34, 35].

We briefly describe some of the particular aspects of the fireball beam diagnostic implementation. For PWFA
applications the separation between the e− and the e+ bunchesmust be of the order of a plasmawavelength
( m~100 m). Such a small spacing between the bunches can be achievedwith two interleavedmagnetic chicanes
with a coarse path length difference of the order of the bunch separation in the accelerator (∼5 cm), andwith fine
magnetic adjustments [25]. These adjustmentsmay also be used to overlap the two bunches in time and create
the relativistic, neutral - +e e fireball beam. The optimal temporal overlap is achieved byminimizing the coherent
transition radiation the bunches emit when traversing a thinmetallic foil located after the double chicane. The
transverse overlap is obtained by imaging the incoherent optical transition radiation the bunches emit when
traversing two thin foils located before and after the plasma. For PWFA experiments the beam ionizes a lithium
vapor and creates the plasma by field-ionization [29], while the neutral fireball beam requires a pre-ionized
plasma. Pre-ionization can be achieved by photo-ionization of a lithium vaporwith an ultra-violet laser
pulse [36].

Thefilamentation of the beam is themost obvious indication of theCFI occurrence. The filaments, however,
have a relatively small transverse size of∼5 μmand, because of their emittance, diverge and overlap rapidlywhen
exiting the plasma. To detect them inside the plasma, the strong plasma e− density gradients associatedwith the
beamfilamentation can be visualizedwith Schlieren shadowgraphy [37] using a laser pulse propagating

4

New J. Phys. 22 (2020) 013030 NShukla et al



perpendicularly to the fireball beam path. The laser light is weakly deflected by the index of refraction variations
corresponding to the e− densitymodulation.

Thefilamentation of the beam results in the generation of largeB-fields in the plane perpendicular to the
filaments themselves (see figure 1(d)), which can be visualized by analyzing the polarization of a linearly
polarized probe laser pulse traveling perpendicularly to the fireball beam, the same that is used for the Schlieren
shadowgraphy. The laser light experiences Faraday rotation caused by the component of the filamentsB-fields
parallel to the laser propagation direction (see figure 1(e)). Even though theB-field pattern is related to the
structure of the random filaments, the effect computed from the simulation results forBy(y) produces an image
similar tofigure 1(e) and is clearly visible. Faraday rotation has been used to sample theB-fields generated in a
laserwakefield experiment with similar parameters [38]. The plasma density andB-field structuremay be
sampled along the e− beampath bymoving the intersection point between the probe laser pulse and the plasma
with a time resolution equal to the laser pulse length (fs) and a longitudinal resolution of the order of the probe
beam size (mm), thereby giving access to the growth of the instability. The excess radiation associatedwith the
oscillation of the e− and e+ in theB-field and in the filaments can be directly observed using standard x-ray
detectionmethods, similar to those that were used to detect synchrotron or betatron radiation in PWFA
experiments [39]. Finally, theB-field growth occurs at the expense of beam energy. In our simulations the beam
looses 6%–11% energy, i.e. 2–3GeV, in the standard and high temperature cases, respectively. These beam
energy changes can bemeasured using an imagingmagnetic spectrometer, as in previous PWFA
experiments [40].

4. Conclusions

In conclusion, we have shown that the - +e e or fireball beam and plasma system that will be developed for PWFA
experimentsmay also be used to produce in the laboratory a scenario relevant to test the very important
microphysics issues of relativistic astrophysical phenomena. As a result of the CFI, the incoming fireball beam
filamentation occurs over a plasma length of only a few cm. The current filaments generate largeB-fields that
lead to the enhanced emission of synchrotron and betatron radiation. Initial considerations indicate that the
beamfilamentation, theB-field generation, and the associated beam energy loss, as well as the excess radiation
can in principle be observed in a single experiment.
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