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Strong magnetic fields driven by current 
filamentation (Weibel-like) instability

- gamma ray bursts,  
- supernovae remnants, 
- Inter- and outflows in white dwarfs and active 

galactic nucleus 
- Internal confinement fusion 
- gamma-ray generation 
- ion generation from solid targets

1

C.M. Huntington, Weibel inst. in two counter streaming proton 
flows (14.7 MeV)

T. Katsouleas, role of Weibel inst. in cosmology 
and astrophysics

G. Raj, 3D modelling of current filamentation of 
10 GeV electron bunch in solid target

Current filamentation instability appears due to the 
temperature anisotropy in plasma that generates 

counter propagating currents
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Role of Weibel-like instability in hybrid 
wakefield accelerators (see talk by A. Irman)
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Intense ultrashort laser pulse (I > 1018 W/
cm2) generates electrons in LWFA stage 

electrons from LWFA are utilised to drive 
the PWFA in the second stage 

In order to avoid residual LWFA in the 
second stage the laser needs to be 
removed (i.e. reflection from the 
plasma mirror or diffraction)
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FIG. 1. Schematic overview of the experiment. Two
consecutive gas jets form the basis of a LWFA-driven PWFA.
From left to right, a high-intensity laser pulse (red) drives
an LWFA in the first stage, generating an ultra-short, high-
current electron beam (a) (blue). The spent LWFA laser is
reflected by a thin steel foil, whereas the electron beam prop-
agates into the second stage, acting as the PWFA driver. In
the PWFA stage, a witness beam (yellow) is accelerated. Ad-
ditionally, a counter-propagating low-power laser pulse can
be applied for generating a pre-formed plasma channel in the
PWFA stage prior to the drive beam arrival. Subfigure (b)
and (c) show plasma wakefields obtained from simulations
considering only the interaction of the drive beam with the
second gas jet at the self-ionized and pre-ionized regime, re-
spectively.

peak-current electron beams [19] by means of the self-
truncated ionization-induced injection scheme [29]. As
sketched in Fig. 1, the LWFA stage consists of a 3 mm-
long helium gas jet doped with 3% nitrogen (see Meth-
ods). The PWFA stage is formed by a 3 mm-long gas jet
doped with 10% helium, which is located directly behind
the LWFA stage avoiding any vacuum gap in between
(see Methods). A 12.5 µm thick steel foil is positioned
at the entrance of the PWFA section to reflect the spent
laser pulse, while the electron beam passes through the
foil and drives the PWFA stage. In this setup, the PWFA
stage can either be self-ionized by the space-charge elec-
tric field of the electron drive beam or pre-ionized by a
dedicated counter-propagating laser pulse (see Methods).
A synchronized few-cycle laser pulse provides a side view
of the corresponding plasma waves in the PWFA stage
via shadowgraphy (see Methods).

As a reference set, we first recorded shots with only the
LWFA stage in operation. The resulting electron spectra
exhibited typical narrow-band peaks with a 262 ± 9 MeV
shot-averaged mean energy (Ē�), a full-width at half-
maximum bandwidth (�E) of 24 ± 4 MeV and an
FWHM-integrated charge (Q�) of 104 ± 12 pC. The
corresponding shot-averaged spectral charge density, is
defined as S� = Q�/(�E/Ē�) = 11.4 ± 2.1 pC/%. A
representative reference spectrum is shown in Fig. 2(a).
A considerable amount of charge is also observed at low

energies up to ≥ 30 MeV, attributed to originating from
the plasma density down-ramp transition at the end of
the LWFA stage, as also observed in [19]. The interaction
between the LWFA electron beam and the foil increases
the divergence of the drive beam by 50% (see Supple-
mentary Fig. 1), but does not significantly compromise
its ability to drive plasma waves due to the close prox-
imity between the foil and the PWFA stage.

With both jets turned on, the PWFA stage is first op-
erated without pre-ionization. A clear signature of the
drive beam interaction with the second stage is observed,
as exemplified in Fig. 2(b). The shot-averaged spectral
charge density decreased to one third of the value ob-
tained for the LWFA reference shots, due to spectral
broadening and charge loss (see Supplementary Table 1),
as also seen in [30]. This implies that the drive beam
ionizes the ambient gas and transfers a fraction of its
energy into plasma wakefields. This hypothesis is con-
firmed by the shadowgraphy images recorded inside the
PWFA stage, depicted in Fig. 2(e), which show a narrow
plasma filament inside the otherwise neutral gas along
the drive beam propagation axis. A few oscillation peri-
ods of plasma waves are observed, clearly demonstrating
that the space charge field of the drive beam is su�-
ciently high to not only ionize the gas but also to excite
plasma waves. In this self-ionized regime only a frac-
tion of the drive beam participates in plasma wakefield
formation, resulting in a comparatively weak wakefield
amplitude, as also confirmed by simulation in Fig. 1(b).
Importantly, Fig. 2(b) shows a remarkably sharp signa-
ture of an accelerated witness beam at an energy of ≥60
MeV.

In contrast to the self-ionized regime, establishing a
pre-formed plasma environment allows the whole drive
beam to contribute to the plasma wave formation, thus
transferring more energy into the plasma and driving a
larger amplitude wakefield, as illustrated in simulation
Fig. 1(c). This increased interaction with the plasma
consequently results in a stronger drive beam degrada-
tion, as observed in Fig. 2(c) (see Supplementary Fig. 4
for supporting simulations). What remains of the spec-
tral charge density with respect to the LWFA reference
is about 17% on average, approximately half of what was
measured for the self-ionized case. The associated shad-
owgram shown in Fig. 2(f) reveals a more pronounced
plasma wave structure extending beyond 10 subsequent
cavities, supporting observations reported in [31]. As
the primary finding, the witness beam energy is signif-
icantly increased up to ≥130 MeV, about twice the en-
ergy observed when operating without the pre-formed
plasma channel (see Supplementary Fig. 2 and Fig. 3).
Because the pre-ionizing laser pulse only influences the
second stage behind the foil, where no LWFA laser is
present, this increase in witness energy must therefore
be attributed to the larger amplitude of the beam-driven
plasma wakefield. Assuming an e�ective acceleration dis-
tance of ≥1.5 mm, from the foil until the end of the
plasma density plateau (see Methods), we thus estimate
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PWFA stage prior to the drive beam arrival. Subfigure (b)
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defined as S� = Q�/(�E/Ē�) = 11.4 ± 2.1 pC/%. A
representative reference spectrum is shown in Fig. 2(a).
A considerable amount of charge is also observed at low

energies up to ≥ 30 MeV, attributed to originating from
the plasma density down-ramp transition at the end of
the LWFA stage, as also observed in [19]. The interaction
between the LWFA electron beam and the foil increases
the divergence of the drive beam by 50% (see Supple-
mentary Fig. 1), but does not significantly compromise
its ability to drive plasma waves due to the close prox-
imity between the foil and the PWFA stage.

With both jets turned on, the PWFA stage is first op-
erated without pre-ionization. A clear signature of the
drive beam interaction with the second stage is observed,
as exemplified in Fig. 2(b). The shot-averaged spectral
charge density decreased to one third of the value ob-
tained for the LWFA reference shots, due to spectral
broadening and charge loss (see Supplementary Table 1),
as also seen in [30]. This implies that the drive beam
ionizes the ambient gas and transfers a fraction of its
energy into plasma wakefields. This hypothesis is con-
firmed by the shadowgraphy images recorded inside the
PWFA stage, depicted in Fig. 2(e), which show a narrow
plasma filament inside the otherwise neutral gas along
the drive beam propagation axis. A few oscillation peri-
ods of plasma waves are observed, clearly demonstrating
that the space charge field of the drive beam is su�-
ciently high to not only ionize the gas but also to excite
plasma waves. In this self-ionized regime only a frac-
tion of the drive beam participates in plasma wakefield
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Electron beam degradation 
during the experiment

4

Effect strongly depends on the distance between the solid target and the gas jet exit 
- cannot be described by the scattering effect

3.5 ± 0.5 mrad

10.6 ± 4.3 mrad

3.5 ± 0.5 mrad
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FIG. 2. Experimental results. (a) Typical electron spectra for the reference case (no solid target, top), and for distances of 0.42
mm (middle) and 2.61 mm (bottom) between the 13-µm-thick Mylar foil and the gas jet exit. (b) Angular divergence (FWHM)
of the 150MeV beam electrons as a function of the distance between the gas jet exit and the solid foil: 8 µm Al (blue), 15 µm
Al (red), 30 µm Al (yellow) and 60 µm Al (magenta), as well as the 13 µm-thick Mylar foil (green); grey area represents the
divergence of the reference shots (no solid target) together with its variation during the experiments.

with respect to the laser axis, so that the reflected laser
and the electron beam no longer overlapped. This yielded
negligible di↵erences in the observed electron beam di-
vergence, thus proving that the reflected pulse does not
account for the increase in the electron beam divergence,
and that the source of the latter hardly depends on the
laser incidence angle on the target. The only possible
scenario, therefore, is that of beam scattering by laser-
driven electromagnetic fields within a thin layer behind
the target surface.

As a result, our data provide a direct measurement of
the integrated Lorentz force experienced by the beam in
the solid foil, expressed as an equivalent line-integrated
magnetic field,

Bx,int =

vuut
*✓Z

Bxdz

◆2
+

nb

,

where the average is weighed by the transverse pro-
file of the electron beam. This field induces a spread
�py = eBx,int in the transverse momentum distribution
of the electron beam, and therefore contributes to a to-
tal divergence ✓2y = ✓2y,ref + ✓2y,sc + ✓2y,B. Here ✓y,ref is
the original divergence of the LWFA-generated beam,
✓y,sc is the contribution from the multiple scattering and
✓y,B ' �py/pz = ecBx,int/E is the contribution from the
integrated equivalent magnetic field, with E the electron
energy. From the experimentally measured divergence,
✓y = 13.23±1.31 mrad (FWHM), of the 150 MeV energy
electrons passing through the 13-µm-thick Mylar foil at
a 0.42-mm distance, one infers an integrated equivalent
magnetic field of Bx,int = 2.70± 0.39 kT µm.

In order to identify the physical mechanism behind the
electromagnetic field generation around the target sur-

face, 2D and 3D PIC simulations have been performed
using the code calder [54–57]. These fully relativistic
simulations describe both the laser-foil and subsequent
beam-plasma interactions, including the e↵ects of binary
Coulomb collisions, impact ionization and field ioniza-
tion. The laser is modeled as a planar wave with a Gaus-
sian temporal profile and a 20 fs FWHM pulse duration.
Its field strength on target is estimated to drop from
a0 = 2.3 to 0.7 when the jet-foil distance is increased
from 0.5 to 2.7 mm (assuming 1 Joule of laser energy
and 15 µm FWHM spot size at the gas jet exit). The
electron beam is initialized with an energy of 150 MeV, a
1 µm root-mean-square (RMS) transverse size, a 1.6 µm
RMS bunch length, a 50 pC total charge, and a 11 µm
peak-to-peak separation with the laser pulse. The target
consists of a 8-µm-thick, solid-density, neutral plasma of
e� and Al3+ ions. On its front side is added a linearly
ramped preplasma of 0.8µm length to take account of an
imperfect laser contrast (see Supplemental Material [58]
for a discussion of the weak e↵ect of the preplasma length
on the resulting integrated B-field). The 3D domain size
is Lx ⇥ Ly ⇥ Lz = 2.1 ⇥ 2.1 ⇥ 45µm3 with a cell size in
each direction of �x = �y = �z = �0/64, while for the
2D simulations, the domain size is Lx⇥Lz = 2.1⇥45µm2

with a cell size �x = �z = �0/64. 50 macro-particles
per cell for each species are used in all simulations.

Figure 3 shows results from the 3D PIC simulation for
a 0.5mm jet-foil distance. While several mechanisms may
give rise to strong electromagnetic fluctuations in the
vicinity of the foil surface (e.g. parametric decay of laser-
driven surface oscillations or Rayleigh-Taylor-like insta-
bility [59, 60]), the Weibel-type CFI appears to be the
dominant process under our experimental conditions (see
Supplemental Material [58]). The resulting fluctuations,
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Sensitive to the target position, but not the 
thickness
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Interpretation and mechanisms of the 
return current appearance
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Lorentz force
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2D PIC simulations of laser-solid interactions
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2D PIC simulations of laser-solid interactions
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3D PIC simulations of e- beam modulations
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Modelling of the electron beam divergence

11

B⟂, retrieved from the simulations, can be converted into the 
increase of the electron beam divergence θ

e - electron charge,  
c - speed of light 
E - electron beam energy 
σpy - spread in the transverse momentum distribution 
pz - electron beam longitudinal momentum
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FIG. 2. Experimental results. (a): typical electron spectra for the reference case (no solid target, top), and for distances of
0.4 mm (middle) and 2.6 mm (bottom) between the 13-µm-thick Mylar foil and the gas jet exit. (b) Electron beam divergence
(FWHM) at 150 MeV as a function of the distance between the exit of the gas jet and the solid target for Mylar 13 µm and
for aluminium foils of di↵erent thicknesses.

transverse momentum distribution of the electron beam
is taking place within a thin layer near the front surface of
the solid target. Further, before the electrons reach the
solid target, they collide with the reflected laser pulse
from the solid target. To investigate the role of the re-
flected laser pulse in increasing the beam divergence, we
compared experimental results obtained for foils oriented
at 45� with respect to the laser propagation axis (laser
reflected at a 90� angle, with no significant overlap be-
tween electrons and reflected laser), and foils oriented
with normal incidence (reflected laser is propagating in
the opposite direction of the electron beam, correspond-
ing to a head-on collision). The result does not show
significant di↵erence within the experimental error, indi-
cating that the reflected laser has not substantial e↵ect
on the electron beam, as well as the angle of incidence
of the laser pulse on the solid target. These experimen-
tal observations suggest that electrons are experiencing
the electromagnetic fields generated during the femtosec-
ond laser-solid interaction, in the vicinity of the front
surface of the solid target. The observed broadening of
the transverse momentum distribution provide a direct
measurement of the equivalent magnetic field integrated
along the electron propagation direction. The integrated
B-field (for the x component)

Bx,int =

vuut
*✓Z

Bxdz

◆2
+

nb

, (1)

where the average is weighed by the transverse profile
of the electron beam, induces a spread �py = eBx,int

in the transverse momuntum distribution of the electron
beam, and therefore contributes to a divergence ✓y '
�py/pz = ecBx,int/E, with E the electron energy. For
the experimental data with 13-µm-thick Mylar and 0.42

mm distance, an integrated B-field of Bx,int = 2.81 ±
0.28 kT µm is measured.

In order to identify the physical mechanisms responsi-
ble for the generation of strong electromagnetic fields in
the vicinity of the front surface of the solid target, 3D PIC
simulations are performed using the code CALDER [40–
43], accounting for important physical processes such as
ionization [41] of the solid target and collisions [42] be-
tween di↵erent particle species. The 3D computational
domain consists of 168(x)⇥168(y)⇥3600(z) cells of size
dx = dy = dz = �0/64, with �0 = 800 nm, and 50
macro-particles per cell for each species are used. The
laser pulse is Gaussian with 1 J energy, 20 fs (FWHM)
pulse duration and 15 µm (FWHM) spot size at its waist
(gas jet exit) and the normalized laser vector potential at
the foil varies from a0 = 2.3 to a0 = 0.7 when the jet-foil
distance is increased from 0.5 to 2.7 mm. Further, an
electron beam is initialized with an energy of 150 MeV, a
charge of 50 pC, a beam size of 1 µm (FWHM), a bunch
length of 1.6 µm (FWHM), and a peak-to-peak separa-
tion with the laser pulse of 11 µm. The solid target is
8-µm thick and consists of a neutral plasma of e� and
Al3+ ions at solid aluminium density, with a preplasma of
0.5 µm to approximate the imperfect experimental con-
ditions.

Figure 3 shows the results of the 3D PIC simulation
for a jet-foil distance of 0.5 mm. Strong magnetic fields
in the few kT range are generated due to the Weibel in-
stability, and extend from the front surface of the foil up
to a thickness of a few microns within (see Fig. 3(b)),
with the characteristic transverse distribution of Weibel
filaments, and with a periodicity of ⇡ 0.4 µm. The evolu-
tion of the integrated magnetic field during and after the
laser-solid interaction is presented in Fig. 3(e)), showing
that the electron bunch experiences fully-grown Weibel
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for aluminium foils of di↵erent thicknesses.

transverse momentum distribution of the electron beam
is taking place within a thin layer near the front surface of
the solid target. Further, before the electrons reach the
solid target, they collide with the reflected laser pulse
from the solid target. To investigate the role of the re-
flected laser pulse in increasing the beam divergence, we
compared experimental results obtained for foils oriented
at 45� with respect to the laser propagation axis (laser
reflected at a 90� angle, with no significant overlap be-
tween electrons and reflected laser), and foils oriented
with normal incidence (reflected laser is propagating in
the opposite direction of the electron beam, correspond-
ing to a head-on collision). The result does not show
significant di↵erence within the experimental error, indi-
cating that the reflected laser has not substantial e↵ect
on the electron beam, as well as the angle of incidence
of the laser pulse on the solid target. These experimen-
tal observations suggest that electrons are experiencing
the electromagnetic fields generated during the femtosec-
ond laser-solid interaction, in the vicinity of the front
surface of the solid target. The observed broadening of
the transverse momentum distribution provide a direct
measurement of the equivalent magnetic field integrated
along the electron propagation direction. The integrated
B-field (for the x component)
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where the average is weighed by the transverse profile
of the electron beam, induces a spread �py = eBx,int

in the transverse momuntum distribution of the electron
beam, and therefore contributes to a divergence ✓y '
�py/pz = ecBx,int/E, with E the electron energy. For
the experimental data with 13-µm-thick Mylar and 0.42

mm distance, an integrated B-field of Bx,int = 2.81 ±
0.28 kT µm is measured.

In order to identify the physical mechanisms responsi-
ble for the generation of strong electromagnetic fields in
the vicinity of the front surface of the solid target, 3D PIC
simulations are performed using the code CALDER [40–
43], accounting for important physical processes such as
ionization [41] of the solid target and collisions [42] be-
tween di↵erent particle species. The 3D computational
domain consists of 168(x)⇥168(y)⇥3600(z) cells of size
dx = dy = dz = �0/64, with �0 = 800 nm, and 50
macro-particles per cell for each species are used. The
laser pulse is Gaussian with 1 J energy, 20 fs (FWHM)
pulse duration and 15 µm (FWHM) spot size at its waist
(gas jet exit) and the normalized laser vector potential at
the foil varies from a0 = 2.3 to a0 = 0.7 when the jet-foil
distance is increased from 0.5 to 2.7 mm. Further, an
electron beam is initialized with an energy of 150 MeV, a
charge of 50 pC, a beam size of 1 µm (FWHM), a bunch
length of 1.6 µm (FWHM), and a peak-to-peak separa-
tion with the laser pulse of 11 µm. The solid target is
8-µm thick and consists of a neutral plasma of e� and
Al3+ ions at solid aluminium density, with a preplasma of
0.5 µm to approximate the imperfect experimental con-
ditions.

Figure 3 shows the results of the 3D PIC simulation
for a jet-foil distance of 0.5 mm. Strong magnetic fields
in the few kT range are generated due to the Weibel in-
stability, and extend from the front surface of the foil up
to a thickness of a few microns within (see Fig. 3(b)),
with the characteristic transverse distribution of Weibel
filaments, and with a periodicity of ⇡ 0.4 µm. The evolu-
tion of the integrated magnetic field during and after the
laser-solid interaction is presented in Fig. 3(e)), showing
that the electron bunch experiences fully-grown Weibel
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FIG. 2. Experimental results. (a): typical electron spectra for the reference case (no solid target, top), and for distances of
0.4 mm (middle) and 2.6 mm (bottom) between the 13-µm-thick Mylar foil and the gas jet exit. (b) Electron beam divergence
(FWHM) at 150 MeV as a function of the distance between the exit of the gas jet and the solid target for Mylar 13 µm and
for aluminium foils of di↵erent thicknesses.

transverse momentum distribution of the electron beam
is taking place within a thin layer near the front surface of
the solid target. Further, before the electrons reach the
solid target, they collide with the reflected laser pulse
from the solid target. To investigate the role of the re-
flected laser pulse in increasing the beam divergence, we
compared experimental results obtained for foils oriented
at 45� with respect to the laser propagation axis (laser
reflected at a 90� angle, with no significant overlap be-
tween electrons and reflected laser), and foils oriented
with normal incidence (reflected laser is propagating in
the opposite direction of the electron beam, correspond-
ing to a head-on collision). The result does not show
significant di↵erence within the experimental error, indi-
cating that the reflected laser has not substantial e↵ect
on the electron beam, as well as the angle of incidence
of the laser pulse on the solid target. These experimen-
tal observations suggest that electrons are experiencing
the electromagnetic fields generated during the femtosec-
ond laser-solid interaction, in the vicinity of the front
surface of the solid target. The observed broadening of
the transverse momentum distribution provide a direct
measurement of the equivalent magnetic field integrated
along the electron propagation direction. The integrated
B-field (for the x component)

Bx,int =

vuut
*✓Z

Bxdz

◆2
+

nb

, (1)

where the average is weighed by the transverse profile
of the electron beam, induces a spread �py = eBx,int

in the transverse momuntum distribution of the electron
beam, and therefore contributes to a divergence ✓y '
�py/pz = ecBx,int/E, with E the electron energy. For
the experimental data with 13-µm-thick Mylar and 0.42

mm distance, an integrated B-field of Bx,int = 2.81 ±
0.28 kT µm is measured.

In order to identify the physical mechanisms responsi-
ble for the generation of strong electromagnetic fields in
the vicinity of the front surface of the solid target, 3D PIC
simulations are performed using the code CALDER [40–
43], accounting for important physical processes such as
ionization [41] of the solid target and collisions [42] be-
tween di↵erent particle species. The 3D computational
domain consists of 168(x)⇥168(y)⇥3600(z) cells of size
dx = dy = dz = �0/64, with �0 = 800 nm, and 50
macro-particles per cell for each species are used. The
laser pulse is Gaussian with 1 J energy, 20 fs (FWHM)
pulse duration and 15 µm (FWHM) spot size at its waist
(gas jet exit) and the normalized laser vector potential at
the foil varies from a0 = 2.3 to a0 = 0.7 when the jet-foil
distance is increased from 0.5 to 2.7 mm. Further, an
electron beam is initialized with an energy of 150 MeV, a
charge of 50 pC, a beam size of 1 µm (FWHM), a bunch
length of 1.6 µm (FWHM), and a peak-to-peak separa-
tion with the laser pulse of 11 µm. The solid target is
8-µm thick and consists of a neutral plasma of e� and
Al3+ ions at solid aluminium density, with a preplasma of
0.5 µm to approximate the imperfect experimental con-
ditions.

Figure 3 shows the results of the 3D PIC simulation
for a jet-foil distance of 0.5 mm. Strong magnetic fields
in the few kT range are generated due to the Weibel in-
stability, and extend from the front surface of the foil up
to a thickness of a few microns within (see Fig. 3(b)),
with the characteristic transverse distribution of Weibel
filaments, and with a periodicity of ⇡ 0.4 µm. The evolu-
tion of the integrated magnetic field during and after the
laser-solid interaction is presented in Fig. 3(e)), showing
that the electron bunch experiences fully-grown Weibel
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Modelling of the electron beam divergence

12

B⟂, retrieved from the simulations, can be converted into the 
increase of the electron beam divergence θ

e - electron charge,  
c - speed of light 
E - electron beam energy 
σpy - spread in the transverse momentum distribution 
pz - electron beam longitudinal momentum

… and vice versa*

2.70 ± 0.39 kT.µm for 13 µm Mylar at 0.42 mm

* In case of experiment, increase of the divergence was 
converted to the equivalent integrated B⟂-field
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FIG. 2. Experimental results. (a): typical electron spectra for the reference case (no solid target, top), and for distances of
0.4 mm (middle) and 2.6 mm (bottom) between the 13-µm-thick Mylar foil and the gas jet exit. (b) Electron beam divergence
(FWHM) at 150 MeV as a function of the distance between the exit of the gas jet and the solid target for Mylar 13 µm and
for aluminium foils of di↵erent thicknesses.

transverse momentum distribution of the electron beam
is taking place within a thin layer near the front surface of
the solid target. Further, before the electrons reach the
solid target, they collide with the reflected laser pulse
from the solid target. To investigate the role of the re-
flected laser pulse in increasing the beam divergence, we
compared experimental results obtained for foils oriented
at 45� with respect to the laser propagation axis (laser
reflected at a 90� angle, with no significant overlap be-
tween electrons and reflected laser), and foils oriented
with normal incidence (reflected laser is propagating in
the opposite direction of the electron beam, correspond-
ing to a head-on collision). The result does not show
significant di↵erence within the experimental error, indi-
cating that the reflected laser has not substantial e↵ect
on the electron beam, as well as the angle of incidence
of the laser pulse on the solid target. These experimen-
tal observations suggest that electrons are experiencing
the electromagnetic fields generated during the femtosec-
ond laser-solid interaction, in the vicinity of the front
surface of the solid target. The observed broadening of
the transverse momentum distribution provide a direct
measurement of the equivalent magnetic field integrated
along the electron propagation direction. The integrated
B-field (for the x component)

Bx,int =

vuut
*✓Z

Bxdz

◆2
+

nb

, (1)

where the average is weighed by the transverse profile
of the electron beam, induces a spread �py = eBx,int

in the transverse momuntum distribution of the electron
beam, and therefore contributes to a divergence ✓y '
�py/pz = ecBx,int/E, with E the electron energy. For
the experimental data with 13-µm-thick Mylar and 0.42

mm distance, an integrated B-field of Bx,int = 2.81 ±
0.28 kT µm is measured.

In order to identify the physical mechanisms responsi-
ble for the generation of strong electromagnetic fields in
the vicinity of the front surface of the solid target, 3D PIC
simulations are performed using the code CALDER [40–
43], accounting for important physical processes such as
ionization [41] of the solid target and collisions [42] be-
tween di↵erent particle species. The 3D computational
domain consists of 168(x)⇥168(y)⇥3600(z) cells of size
dx = dy = dz = �0/64, with �0 = 800 nm, and 50
macro-particles per cell for each species are used. The
laser pulse is Gaussian with 1 J energy, 20 fs (FWHM)
pulse duration and 15 µm (FWHM) spot size at its waist
(gas jet exit) and the normalized laser vector potential at
the foil varies from a0 = 2.3 to a0 = 0.7 when the jet-foil
distance is increased from 0.5 to 2.7 mm. Further, an
electron beam is initialized with an energy of 150 MeV, a
charge of 50 pC, a beam size of 1 µm (FWHM), a bunch
length of 1.6 µm (FWHM), and a peak-to-peak separa-
tion with the laser pulse of 11 µm. The solid target is
8-µm thick and consists of a neutral plasma of e� and
Al3+ ions at solid aluminium density, with a preplasma of
0.5 µm to approximate the imperfect experimental con-
ditions.

Figure 3 shows the results of the 3D PIC simulation
for a jet-foil distance of 0.5 mm. Strong magnetic fields
in the few kT range are generated due to the Weibel in-
stability, and extend from the front surface of the foil up
to a thickness of a few microns within (see Fig. 3(b)),
with the characteristic transverse distribution of Weibel
filaments, and with a periodicity of ⇡ 0.4 µm. The evolu-
tion of the integrated magnetic field during and after the
laser-solid interaction is presented in Fig. 3(e)), showing
that the electron bunch experiences fully-grown Weibel
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0.4 mm (middle) and 2.6 mm (bottom) between the 13-µm-thick Mylar foil and the gas jet exit. (b) Electron beam divergence
(FWHM) at 150 MeV as a function of the distance between the exit of the gas jet and the solid target for Mylar 13 µm and
for aluminium foils of di↵erent thicknesses.

transverse momentum distribution of the electron beam
is taking place within a thin layer near the front surface of
the solid target. Further, before the electrons reach the
solid target, they collide with the reflected laser pulse
from the solid target. To investigate the role of the re-
flected laser pulse in increasing the beam divergence, we
compared experimental results obtained for foils oriented
at 45� with respect to the laser propagation axis (laser
reflected at a 90� angle, with no significant overlap be-
tween electrons and reflected laser), and foils oriented
with normal incidence (reflected laser is propagating in
the opposite direction of the electron beam, correspond-
ing to a head-on collision). The result does not show
significant di↵erence within the experimental error, indi-
cating that the reflected laser has not substantial e↵ect
on the electron beam, as well as the angle of incidence
of the laser pulse on the solid target. These experimen-
tal observations suggest that electrons are experiencing
the electromagnetic fields generated during the femtosec-
ond laser-solid interaction, in the vicinity of the front
surface of the solid target. The observed broadening of
the transverse momentum distribution provide a direct
measurement of the equivalent magnetic field integrated
along the electron propagation direction. The integrated
B-field (for the x component)

Bx,int =

vuut
*✓Z

Bxdz

◆2
+

nb

, (1)

where the average is weighed by the transverse profile
of the electron beam, induces a spread �py = eBx,int

in the transverse momuntum distribution of the electron
beam, and therefore contributes to a divergence ✓y '
�py/pz = ecBx,int/E, with E the electron energy. For
the experimental data with 13-µm-thick Mylar and 0.42

mm distance, an integrated B-field of Bx,int = 2.81 ±
0.28 kT µm is measured.

In order to identify the physical mechanisms responsi-
ble for the generation of strong electromagnetic fields in
the vicinity of the front surface of the solid target, 3D PIC
simulations are performed using the code CALDER [40–
43], accounting for important physical processes such as
ionization [41] of the solid target and collisions [42] be-
tween di↵erent particle species. The 3D computational
domain consists of 168(x)⇥168(y)⇥3600(z) cells of size
dx = dy = dz = �0/64, with �0 = 800 nm, and 50
macro-particles per cell for each species are used. The
laser pulse is Gaussian with 1 J energy, 20 fs (FWHM)
pulse duration and 15 µm (FWHM) spot size at its waist
(gas jet exit) and the normalized laser vector potential at
the foil varies from a0 = 2.3 to a0 = 0.7 when the jet-foil
distance is increased from 0.5 to 2.7 mm. Further, an
electron beam is initialized with an energy of 150 MeV, a
charge of 50 pC, a beam size of 1 µm (FWHM), a bunch
length of 1.6 µm (FWHM), and a peak-to-peak separa-
tion with the laser pulse of 11 µm. The solid target is
8-µm thick and consists of a neutral plasma of e� and
Al3+ ions at solid aluminium density, with a preplasma of
0.5 µm to approximate the imperfect experimental con-
ditions.

Figure 3 shows the results of the 3D PIC simulation
for a jet-foil distance of 0.5 mm. Strong magnetic fields
in the few kT range are generated due to the Weibel in-
stability, and extend from the front surface of the foil up
to a thickness of a few microns within (see Fig. 3(b)),
with the characteristic transverse distribution of Weibel
filaments, and with a periodicity of ⇡ 0.4 µm. The evolu-
tion of the integrated magnetic field during and after the
laser-solid interaction is presented in Fig. 3(e)), showing
that the electron bunch experiences fully-grown Weibel
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FIG. 2. Experimental results. (a): typical electron spectra for the reference case (no solid target, top), and for distances of
0.4 mm (middle) and 2.6 mm (bottom) between the 13-µm-thick Mylar foil and the gas jet exit. (b) Electron beam divergence
(FWHM) at 150 MeV as a function of the distance between the exit of the gas jet and the solid target for Mylar 13 µm and
for aluminium foils of di↵erent thicknesses.

transverse momentum distribution of the electron beam
is taking place within a thin layer near the front surface of
the solid target. Further, before the electrons reach the
solid target, they collide with the reflected laser pulse
from the solid target. To investigate the role of the re-
flected laser pulse in increasing the beam divergence, we
compared experimental results obtained for foils oriented
at 45� with respect to the laser propagation axis (laser
reflected at a 90� angle, with no significant overlap be-
tween electrons and reflected laser), and foils oriented
with normal incidence (reflected laser is propagating in
the opposite direction of the electron beam, correspond-
ing to a head-on collision). The result does not show
significant di↵erence within the experimental error, indi-
cating that the reflected laser has not substantial e↵ect
on the electron beam, as well as the angle of incidence
of the laser pulse on the solid target. These experimen-
tal observations suggest that electrons are experiencing
the electromagnetic fields generated during the femtosec-
ond laser-solid interaction, in the vicinity of the front
surface of the solid target. The observed broadening of
the transverse momentum distribution provide a direct
measurement of the equivalent magnetic field integrated
along the electron propagation direction. The integrated
B-field (for the x component)

Bx,int =

vuut
*✓Z

Bxdz

◆2
+

nb

, (1)

where the average is weighed by the transverse profile
of the electron beam, induces a spread �py = eBx,int

in the transverse momuntum distribution of the electron
beam, and therefore contributes to a divergence ✓y '
�py/pz = ecBx,int/E, with E the electron energy. For
the experimental data with 13-µm-thick Mylar and 0.42

mm distance, an integrated B-field of Bx,int = 2.81 ±
0.28 kT µm is measured.

In order to identify the physical mechanisms responsi-
ble for the generation of strong electromagnetic fields in
the vicinity of the front surface of the solid target, 3D PIC
simulations are performed using the code CALDER [40–
43], accounting for important physical processes such as
ionization [41] of the solid target and collisions [42] be-
tween di↵erent particle species. The 3D computational
domain consists of 168(x)⇥168(y)⇥3600(z) cells of size
dx = dy = dz = �0/64, with �0 = 800 nm, and 50
macro-particles per cell for each species are used. The
laser pulse is Gaussian with 1 J energy, 20 fs (FWHM)
pulse duration and 15 µm (FWHM) spot size at its waist
(gas jet exit) and the normalized laser vector potential at
the foil varies from a0 = 2.3 to a0 = 0.7 when the jet-foil
distance is increased from 0.5 to 2.7 mm. Further, an
electron beam is initialized with an energy of 150 MeV, a
charge of 50 pC, a beam size of 1 µm (FWHM), a bunch
length of 1.6 µm (FWHM), and a peak-to-peak separa-
tion with the laser pulse of 11 µm. The solid target is
8-µm thick and consists of a neutral plasma of e� and
Al3+ ions at solid aluminium density, with a preplasma of
0.5 µm to approximate the imperfect experimental con-
ditions.

Figure 3 shows the results of the 3D PIC simulation
for a jet-foil distance of 0.5 mm. Strong magnetic fields
in the few kT range are generated due to the Weibel in-
stability, and extend from the front surface of the foil up
to a thickness of a few microns within (see Fig. 3(b)),
with the characteristic transverse distribution of Weibel
filaments, and with a periodicity of ⇡ 0.4 µm. The evolu-
tion of the integrated magnetic field during and after the
laser-solid interaction is presented in Fig. 3(e)), showing
that the electron bunch experiences fully-grown Weibel

O.Kononenko                                                   European Advanced Accelerator Workshop 2019                                                           Elba



Summary

In hybrid acceleration experiments, the electron beam quality 
degrades due to the presence of  solid target close to the gas jet exit 

Increase in the electron beam divergence can be explained by the 
presence of strong transverse magnetic fields within the surface of the 
solid target, generated by the laser 

Experimental measurement of the electron beam degradation 
provides an access to the measurement of the integrated equivalent 
B-field

2D and 3D PIC simulations demonstrates super strong (several kT) 
modulated transverse magnetic field, known as Weibel-like instability 

 Simulated increase of the electron beam divergence as a function 
of the laser intensity is compatible with experimental observations
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FIG. 2. Experimental results. (a) Typical electron spectra for the reference case (no solid target, top), and for distances of 0.42
mm (middle) and 2.61 mm (bottom) between the 13-µm-thick Mylar foil and the gas jet exit. (b) Angular divergence (FWHM)
of the 150MeV beam electrons as a function of the distance between the gas jet exit and the solid foil: 8 µm Al (blue), 15 µm
Al (red), 30 µm Al (yellow) and 60 µm Al (magenta), as well as the 13 µm-thick Mylar foil (green); grey area represents the
divergence of the reference shots (no solid target) together with its variation during the experiments.

with respect to the laser axis, so that the reflected laser
and the electron beam no longer overlapped. This yielded
negligible di↵erences in the observed electron beam di-
vergence, thus proving that the reflected pulse does not
account for the increase in the electron beam divergence,
and that the source of the latter hardly depends on the
laser incidence angle on the target. The only possible
scenario, therefore, is that of beam scattering by laser-
driven electromagnetic fields within a thin layer behind
the target surface.

As a result, our data provide a direct measurement of
the integrated Lorentz force experienced by the beam in
the solid foil, expressed as an equivalent line-integrated
magnetic field,

Bx,int =

vuut
*✓Z

Bxdz

◆2
+

nb

,

where the average is weighed by the transverse pro-
file of the electron beam. This field induces a spread
�py = eBx,int in the transverse momentum distribution
of the electron beam, and therefore contributes to a to-
tal divergence ✓2y = ✓2y,ref + ✓2y,sc + ✓2y,B. Here ✓y,ref is
the original divergence of the LWFA-generated beam,
✓y,sc is the contribution from the multiple scattering and
✓y,B ' �py/pz = ecBx,int/E is the contribution from the
integrated equivalent magnetic field, with E the electron
energy. From the experimentally measured divergence,
✓y = 13.23±1.31 mrad (FWHM), of the 150 MeV energy
electrons passing through the 13-µm-thick Mylar foil at
a 0.42-mm distance, one infers an integrated equivalent
magnetic field of Bx,int = 2.70± 0.39 kT µm.

In order to identify the physical mechanism behind the
electromagnetic field generation around the target sur-

face, 2D and 3D PIC simulations have been performed
using the code calder [54–57]. These fully relativistic
simulations describe both the laser-foil and subsequent
beam-plasma interactions, including the e↵ects of binary
Coulomb collisions, impact ionization and field ioniza-
tion. The laser is modeled as a planar wave with a Gaus-
sian temporal profile and a 20 fs FWHM pulse duration.
Its field strength on target is estimated to drop from
a0 = 2.3 to 0.7 when the jet-foil distance is increased
from 0.5 to 2.7 mm (assuming 1 Joule of laser energy
and 15 µm FWHM spot size at the gas jet exit). The
electron beam is initialized with an energy of 150 MeV, a
1 µm root-mean-square (RMS) transverse size, a 1.6 µm
RMS bunch length, a 50 pC total charge, and a 11 µm
peak-to-peak separation with the laser pulse. The target
consists of a 8-µm-thick, solid-density, neutral plasma of
e� and Al3+ ions. On its front side is added a linearly
ramped preplasma of 0.8µm length to take account of an
imperfect laser contrast (see Supplemental Material [58]
for a discussion of the weak e↵ect of the preplasma length
on the resulting integrated B-field). The 3D domain size
is Lx ⇥ Ly ⇥ Lz = 2.1 ⇥ 2.1 ⇥ 45µm3 with a cell size in
each direction of �x = �y = �z = �0/64, while for the
2D simulations, the domain size is Lx⇥Lz = 2.1⇥45µm2

with a cell size �x = �z = �0/64. 50 macro-particles
per cell for each species are used in all simulations.

Figure 3 shows results from the 3D PIC simulation for
a 0.5mm jet-foil distance. While several mechanisms may
give rise to strong electromagnetic fluctuations in the
vicinity of the foil surface (e.g. parametric decay of laser-
driven surface oscillations or Rayleigh-Taylor-like insta-
bility [59, 60]), the Weibel-type CFI appears to be the
dominant process under our experimental conditions (see
Supplemental Material [58]). The resulting fluctuations,
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Growth rate of B-field

10

The distribution function in the anisotropic Vlasov-Maxwell equations and the dispersion 
relation are dependant on the velocity components of each specie in plasma.
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FIG. 3. 3D PIC simulation snapshots showing isosurfaces and slices at y = 0 of (a) the electron bunch before entering the Al
foil, (b) the By component of the magnetic field generated due to laser-solid interaction, (c) the electron bunch after exiting the
Al foil. The angular distribution of the final electron bunch is shown in (d), and (e) represents the temporal evolution of the
integrated magnetic field (y component) obtained from a 2D simulation (for the same set of parameters as the 3D simulation).
In (e), the vertical lines depict the time of arrival at the front surface of the peak of the laser pulse (dashed green) and of
the electron beam (dashed red), and the time at which (a)-(b) or (c)-(d) snapshots are taken (respectively green and red solid
lines). The red crosses in (e) show the values of By,int from the 3D simulation.

magnetic fields when it enters the solid target. The initial
electron bunch profile (see Fig. 3(a)) undergoes a signifi-
cant transverse modulation (see Fig. 3(c)) after transiting
through the strong Weibel magnetic field filaments in the
Al foil. This strong modulation of the electron bunch is
due to the ~v ⇥ ~B force experienced by electrons when
passing through the Weibel magnetic filaments, and is
associated to a spread in the momentum distribution of
the electron beam. The angular electron distribution (in
the angles ✓x = px/pz, ✓y = py/pz) presented in Fig.
3(d) shows the broadening of the transverse momentum
distribution, from an initial ⇡ 0.1 mrad divergence in
the simulation to a final vertical divergence of 10 mrad
(FWHM). The simulation data shows that the collision
between the back-reflected laser and the electron bunch
has no observable e↵ect on the electron angular profile,
and that the Weibel magnetic fields from the fs laser-
solid interaction are indeed responsible for the observed
e↵ect on the electron bunch. Further, in Fig. 3(d), an
asymmetry between horizontal (x) and vertical (y) di-

vergences is observed, and can be explained as follow.
The heating mechanism at the front surface of the foil
and the hot electron temperature are stronger along the
laser polarization axis (x), leading to a stronger Weibel
modulation of the current along the colder axis (y), and
thus to Bx > By and �py > �px .

To compare the simulation results to the experimen-
tal observations, a full 3D PIC simulation scan is per-
formed and shown in Fig. 4, where the jet-foil distance is
varied from 0.5 to 2.7 mm, corresponding to a0 ranging
from 2.3 to 0.7. The integrated Weibel magnetic field
experienced by the electron beam and divergence are ob-
served to monotonically decrease as the distance of the
foil increases from the exit of the gas jet exit, in good
agreement with the experimental measurements of Fig. 2.
This shows the sensitivity of the Weibel mechanism to
the laser intensity, that drives the population of hot elec-
trons within the skin depth of the front surface of the foil,
and therefore determines the temperature and anisotropy
of hot electrons and of return currents that lead to the

If v⟂ >> vz, where v⟂2 = vx2 + vy2 
, the dispersion relation becomes

In our case the laser generates population of hot electrons wit density close to the critical density

ω4 - (ω2 + k2c2)ω2 - k2v⟂2ωpe2 = 0

Imaginary solution of this equation 
provides the growth rate of the Bθ-field 

of Weibel instability:

Г = Im(ω) = kv⟂ωpe . (ωpe2 + k2c2)-1/2
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Theory

Vlasov-Maxwell equations 

Dispersion relation 

bi-Maxwellian distribution function (DF)

(u0/uz)2 − 1 > 0 
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Second jet as a plasma lens
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