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Abstract

The filamentation of laser driven fast electron currents
through targets has been observed in several previous ex-
periments. The aim of this investigation is to link some
of the theory of filamentation to structures observed in
magnetic field measurements in high power laser exper-
iments. The hybrid code Zephyros is used to study the
level of fast electron beam filamentation in simple tar-
gets made from a wide range of elements under differing
laser intensities. Using the Lee-More resistivity model
and the Thomas-Fermi ionisation model very little dif-
ference in the level of filamentation is found. Other simu-
lations run to investigate the link between the transverse
electron temperature and filamentation of fast electron
beams revealed that, for low injection angular spread,
filamentation is suppressed.

1 Introduction

The filamentation of fast electron beams inside a
target are of considerable interest in fast ignition fusion
schemes and proton acceleration and have been been
studied before in several letters (see ref. [2, 3, 4]). An
experiment performed on the Vulcan Petawatt laser in
late 2011 [1] showed a mapping of the magnetic field
around the rear of a target where small micron scale
perturbations were seen. Simulations were run using
zephyros supporting the idea that the perturbations
were caused by filamentary electron beams. These
filaments have been studied before in several letters
(see ref. [2, 3, 4]). The mechanism for producing these
filamented beams has also been a subject of discussion
with some linking it to the Beam Weibel instability
caused by large magnetic and electrical fields within
the material [5]. These electrical and magnetic field are
caused by the propagation of the fast electron beams
through the target [6].

To explain the dynamics leading to these filaments

a linearised fluid model of fast electron is used as in
ref. [7]. The momentum equation obtained using the
method described in the paper is:
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γme
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γme
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(1)

Where u is the flow velocity of the fast electron, n being
the number density, γ being the relativistic correction,
and B being the local magnetic field. By taking the
density (and therefore current) perturbations to be sinu-
soidal, the velocity (and therefore magnetic field) must
be 90 out of phase, giving:

n1 = nf0N cos(ky) (2)

jx = eux0
nf0N cos(ky) (3)

uy1 = u sin(ky) (4)

Bz = B sin(ky) (5)

The following solution to the momentum equation can
be obtained (the full derivation can be seen in the paper
[7] and [8]): ...

N + βṄ − αN = 0 (6)

The last coefficient α is a growth term associated with
the resistivity of the material. β is related to the trans-
verse fast electron temperature Tf,⊥, which is essentially
a measure of the local angular spread of the fast electron
beam.

β =
k2pTf,⊥

γme
(7)

With kp = 2π
λ , where λ is the length scale of the trans-

verse density perturbations that might seed filaments
(i.e. the width of the filaments when looking down the
beam). Two different solutions to this ODE now present
themselves. first of these is where α >> β, gives the
equation as before: ...

N = αN (8)

Given a solution of the formN = Aegt and letting g3 = α

gives the relationship N ∝ eα1/3t, which is of the form of
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an instability. The decay constant, g, only depends on
one material property; the resistivity η.

g =

[
η(keux0)2nf0

γme

] 1
3

(9)

This treatment is an approximation of the treatment
shown in ref. [7] and it has been shown that the
filamentation grows significantly even outside of the
linear regime described. The dependance of this term
on the resistivity points to a regime where the fast
electron beam is unstable for increasing resistivity and
more stable for decreasing resistivity. If there is a peak
in the resistivity (as in the Lee-More model used in
Zephyros) then the electron beam will remain relatively
collimated until it hits an area of increasing resitivity,
which equates to a region of the cold background
electron fluid that is hotter than it’s surroundings.
Once the surrounding cold electrons reach a threshold
temperature the resistivity peaks and a region of falling
resistivity occurs into which the fast electrons flow
preferentially. This has the effect of splitting a larger
beam into smaller beams that are collimated and
continue through the target at an angle similar to that
with which they were initially split off from the main
beam.

In the other extreme where β >> α we get this
equation: ...

N = −βṄ (10)

If we use a similar solution to the one before:

N = Aegt (11)

Substitution back into eqn.10 yields g3 = −gβ so
g = i

√
β. This gives a solution of the form N ∝ eiβt,

which if β is real gives an oscillatory rather than growing
solution, meaning that the initial perturbations will
simply ripple rather than grow in depth.

This leaves two predictions to test: the reduction
of cold electron mean free path increasing the level of
filamentation through the target, and a reduction in
filamentation with smaller fast electron injection angles.

2 Simulations

Zephyros is a hybrid fast-electron code which uses a
particle-in-cell model for the fast electron modelling
whilst using a fluid for the background electrons to
simulate the return current produced by large fast
electron currents. In order to test both of the assertions
set out in the introduction several simulations were
run on aluminium targets. The targets had dimensions
200 × 200 × 50 microns with the laser normal to the
largest surface. An assumption of a glassy background
ion spatial distribution is used, this implies both that

the mean free path of an electron is isotropic and that
the movement of any ion from one site to another is
not likely to effect the spatial distribution of the ion
background. Given this it is reasonable to assume that
any movement of ions is small compared with the scale
lengths of this simulation and so a fixed ion background
fluid can be used.

The Lee-More resistivity model and Thomas-Fermi
ionisation model were used as supplied in Zephyros
without modification. Magnetic fields were allowed
to evolve and momentum exchange between the fast
electrons and background electron fluid is also allowed.

The first set of simulations vary just the laser in-
tensity starting at 5× 1019Wcm−2 and continuing up to
5 × 1020Wcm−2. Figure 1 shows selected results from
this survey, from these plots it is clear that there is an
exact correlation between the temperature of the back-
ground electron fluid, the density of fast electrons and
the resistivity of the target. In both intensity regimes
the filaments appear to be around a few microns in
diameter. The higher intensity simulations appear to
have more filaments overall with some of the central
filaments appearing to merge. The lower intensity
simulations have a more even spread of filaments across
the centre and gradually disperse towards the edge.

In the second set of simulations the effect of vary-
ing the material composition is explored, by changing
the material the mean free path of the cold electrons
can be altered. The resistivity and ionisation models
vary with the Z, A and ion density of each element. The
location of the peak in the Lee-More resistivity changes
slightly (between 20 and 40eV) with increasing Z, slowly
moving to higher temperatures. The importance of the
peak location can been seen in the resistivity plots in
fig. 1 where the resistivity is observed to rise up to the
edge of the filament and then falls dramatically back
down again towards the centre of the filament. The
temperature however, rises continually to the centre of
the filaments.

The subject of the final set of simulations is the
investigation into the effect of varying the injection
angle of the fast electrons upon filamentation. The
Zephyros code injects electrons in a diffuse manner,
i.e in each cell where the electrons are injected, the
angular distribution is the same, so that when a sample
is taken from any local area near the injection point the
angular spread is relatively high. The injection angle
specifies the maximum angular spread of the electrons:
It is measured from the central axis, and the individual
electrons have angles assigned to them by sampling from
a uniform distribution of angles within the maximum.

When the injection angle is decreased the level of
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Figure 1: Plots showing resistivity, background electron temperature and fast electron density at the target rear,
for two different intensities (5× 1019Wcm−2 & 5× 1020Wcm−2) incident on a simulated Aluminium target. Both
show a high degree of correlation across the measured parameters.

Figure 2: Plots showing the fast electron density at the target rear for the material scan at a laser intensity of
(2 × 1020Wcm−2). Some variation in the scale and distribution of the filaments is apparent with the filaments
slowly increasing in areal scale with element Z.

filamentation dramatically decreases and a high degree
of collimation of the fast electron beam is observed. If
there is a wide divergence angle, far from the source of
the electrons, the spread narrows quickly as most of the
electrons need to have similar divergence angles to reach

similar locations. This means that for high injection
divergence angles there is a decreasing transverse
temperature with increasing distance from the source,
i.e. β is reduced as you travel further into the target.
Conversely if there is, initially, a narrow spread of
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Figure 3: Resistivity and Fast Electron Density plots for three different fast electron injection angles, 30◦, 50◦ and
70◦. The low injection angle case shows a distinctive halo around the outside of a highly collimated central electron
beam whilst higher angles show no such halo and increasing levels of filamentation. The Halo is due to refluxing
electrons and is only visible after 0.6ps. These simulations were run at a laser intensity of 2× 1020Wcm−2.

injection angle then electrons further from the injection
point are likely to sustain a similar angular spread
further into the target. The persistence of a higher
angular spread of electron velocities has the effect of
suppressing filamentation growth.

3 Conclusion

The scan through laser intensity show that as the
intensity of a shot increases fast electron beam filaments
occur with similar diameters and with an overall
increase in numbers.

The cold electron mean free path is only taken ac-
count of in Zephyros by the ionisation and resistivity
models used, these models only vary with the type of
material present in the target as does the cold electron
mean free path. This reinforces the conclusion that
if the diameter of the filaments is mainly dependant
on the cold electron mean-free path then they should
only change diameter significantly when the target
material is changed. Materials with a smaller mean
free path would then lead to higher resistivities at low
temperatures resulting in a greater level of filamentation.

This difference in the diameter of the electron beam
filamentation across materials is not very large and
given how little the location of the peak in the Lee-More
resistivity changes with mean free path it is not surpris-
ing that there is not a large difference in the diameter

of the filaments.

The lower level of filamentation with smaller di-
vergence angle can be explained by the dependence of
β on the local angular spread rather than on the global
spread. This is taken into account in the β coefficient
through the perpendicular temperature Tf,⊥, where
a low temperature would indicate a narrow angular
spread in fast electron velocities and a wider spread
being a higher temperature (see [7] for an alternative
explanation).
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