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Abstract

The influence of lattice structure and low-temperature
electrical resistivity on the transport of fast electrons
in solids in investigated numerically using 3D hybrid
particle-in-cell (PIC) simulation. Simulations of layered
targets, comprised of ordered and disordered carbon al-
lotropes, produce a change in electrical resistivity, with-
out producing a boundary the atomic number.. It is
found that the resistive filamentation instability at prop-
agation distances of 60 µm or greater in vitreous mate-
rial, grows to a level capable of influencing the fast elec-
tron propagation. The layer of vitreous carbon is shown
to produce filamentation independent of its position in
the target provided it is of sufficient thickness (60 µm).
This report summarises results that are further detailed
in [19] Dance et al. in Plasma Physics and Controlled
Fusion (at press).

1 Introduction

The transport of large currents (MA) of fast electrons in
solid density materials has sustained a high level of re-
search interest over the last two decades due to its wide
range of applications such as fast ignition fusion [1, 2],
generation of intense x-ray and ion sources [3], and pro-
duction of warm dense matter (WDM) states with as-
trophysical relevance [4]. The electrical resistivity of a
material is strongly dependent on its lattice structure
[9]. Experimental results have highlighted the sensitivity
of the transport of fast electrons to the electrical resis-
tivity [7–9]. Intense laser pulses drive electron currents
of many mega-Amperes, and these are subject to sev-
eral instabilities, of which resistive filamentation is more
likely to explain the dependency of filamentation on tar-
get thickness than instabilities due to ionisation [5, 19].
This filamentation mechanism arises from the growth of
self-generated resistive magnetic fields [6].

The growth rate of resistive magnetic fields within the
target is described by equation (1) where η is electrical
resistivity and jf is the fast electron current density.

∂B

∂t
= η∇× jf +∇η × jf (1)

The self-generated resistive magnetic fields act to
pinch the fast electron beam. Small perturbations in
the fast electron beam profile develop into localised re-
gions of pinching/hollowing fields around variations in
electron density in the beam, and electron filaments are
formed.

The duration of a laser-generated fast electron bunch
(on ps scale) is short in comparison to lattice melt time
(tens of ps) [15–17]. In this case the electrons are quickly
heated, and accelerated whilst the ions remain cold.

Figure 1 shows the electrical resistivity (Ωm) as a func-
tion of electron temperature (eV). A minimum in resis-
tivity seen at <10 eV in diamond due to the bandgap
(5.5 eV). As temperature continues to rise, a transition
between electron-phonon scattering to electron-ion colli-
sions occurs, and a minimum in electron mean free path
is manifested as a peak in resistivity at ∼50 eV.

Figure 1: Electrical resistivity as a function of tempera-
ture, for the cases of diamond and vitreous carbon

As electrons cross the rear surface boundary, a sheath
field that is non uniform is formed and protons acceler-
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ated by the TNSA mechanism exhibit a spatial profile
mapped from the sheath field strength. The mapping
of electron beam structure into sheath field formation
allows the fast electron beam transport within the tar-
get to be diagnosed by proton spatial intensity profile
[10, 11]. The significantly higher resistivity of vitre-
ous carbon (compared to diamond) over the tempera-
ture range from a few eV until the onset of the Spitzer
regime at ∼80 eV [12], gives rise to an increasingly fila-
mented fast electron beam due to resistive filamentation
as discussed in reference [9].

In this brief report, we summarise a numerical inves-
tigation of the role of lattice structure in the transport
of high currents of fast electrons in layered targets.

2 Simulations

To investigate the underlying electron transport physics,
the 3D hybrid-PIC code, Zephyros, [13] was used to sim-
ulate the transport of fast electrons within layered car-
bon targets. In this approach, the fast electron popula-
tion is described kinetically using the Vlasov equation,
which is solved via the PIC method and the background
electrons are treated as a fluid. The grid used for all the
simulations and is 400 µm × 400 µm × 200 µm, with
cell size equal to ∆X = ∆Y = ∆Z = 1 µm, and the
simulation outputs are sampled at 1.2 ps, just after the
bulk of the fast electrons have reached the rear bound-
ary. At this time, any refluxing electrons have had little
effect on the main fast electron transport pattern. The
laser to fast electron energy conversion efficiency η= 30
%, with a laser pulse duration of 725 fs, wavelength of 1
µm and a focal spot diameter of 2.5 µm. This resulted
in a peak intensity of ∼ 1 × 1021W/cm2. The effect of
refluxing was minimised by use of 200 µm thick targets.
The background temperature is initialised at 1 eV in all
simulations, and electrons are injected at [X, Y, Z] = [0,
0, 0], uniformly over a cone with half-angle equal to 40◦

[18].
To observe the effect of a vitreous material layer pre-

ceding an ordered target, a series of simulations were
performed where the total target thickness was kept con-
stant LT = 200 µm, and the thickness of the front layer
(LF ) of vitreous carbon is varied between LF =10 µm
and 190 µm. The rear surface thickness LR = LT − LF

is made up with diamond. Figure 2 shows the results,
in which (a)-(e) corresponds to the fast electron density
(log10m

−3), (f)-(j) is the corresponding resistive mag-
netic field (T), and (k)-(p) is the corresponding electrical
resistivity (Ωm), all in the [Y-Z] mid-plane. In general,
as the thickness of the vitreous carbon layer is increased,
(going from left to right in figure 2), an increase in fil-
amentation is observed. For cases LF <50 µm the fast
electron transport pattern remains relatively smooth de-
spite the presence of the vitreous layer. For LF ∼50-
60 µm the onset of filamentation can be seen, and for
LF & 60µm the beam is strongly filamented. There

is little or no evidence of beam transport instabilities
within the first 50 µm of the electron source (particu-
larly within the first few tens of microns), as a result of
the strong heating within this region. Here, the target
is heated well into the Spitzer regime, for which the re-
sistivity decreases with increasing temperature for both
vitreous and ordered carbon, as shown in figure 1.
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Figure 2: Zephyros simulation results for double layer
targets with vitreous carbon as the front layer and dia-
mond as the rear. TOP ROW: Log10 fast electron den-
sity maps (m−3), in the [Y-Z] mid-plane, for: (a) LF =10
µm; (b) LF =50 µm; (c) LF =100 µm; (d) LF =140 µm;
(e) LF =190 µm; MIDDLE ROW: Corresponding 2D
maps of the magnetic flux density (Bx component in
Tesla); BOTTOM ROW: Corresponding 2D maps of
electrical resistivity (Ωm).
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Figure 3: Zephyros simulation results for double layer
targets with diamond as the front layer and vitreous car-
bon as the rear. TOP ROW: Log10 fast electron density
maps (m−3), in the [Y-Z] mid-plane, for: (a) LF =10 µm;
(b) LF =50 µm; (c) LF =100 µm; (d) LF =140 µm; (e)
LF =190 µm; MIDDLE ROW: Corresponding 2D maps
of the magnetic flux density (Bx component in Tesla);
BOTTOM ROW: Corresponding 2D maps of electrical
resistivity (Ωm).

Equally, to observe the effects of a smooth electron

2



beam (from an ordered material) impinging onto a vit-
reous layer, a series of simulations were performed with
the order of the layers reversed, i.e. LF = 10 − 190
µm of diamond, with rear surface (LR) of vitreous car-
bon and LT = 200 µm. All other conditions remain
identical to the previous simulations in figure 2. The
results in figure 3 show that as the thickness of the di-
amond from layer, LF , is increased a larger density of
finer filamentary structure is observed, approaching the
limit of a smooth beam (smallest filaments not resolved).
The overall fast electron beam pattern is filamented less
strongly for LF >60 µm.

With the vitreous carbon positioned at both the front
and rear surface of the target (with diamond on the op-
posing side), it is seen to produce filamentation in the
fast electron beam. The position of the vitreous mate-
rial appears to play a relatively small role in the degree
of filamentation produced, although it does affect the
number and size of the filaments.

3 Conclusion

To conclude, our numerical investigation implies that
there is a minimum propagation distance of ∼ 60µm of
vitreous material (and implied minimum growth-time),
required to allow resistive magnetic fields to evolve
to the extent that resistive filamentation of the fast
electron beam is observed. In addition, the presence
of carbon with disordered lattice structure generates
strong filamentary effects, with little dependence on its
location within a dual layer target, when its thickness is
of the order (or greater) than 60µm.
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