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Abstract

Annular fast electron transport in silicon is investigated
as a function of the laser-drive pulse parameters using
three-dimensional hybrid particle-in-cell (PIC) simula-
tions. By varying the laser energy, focal spot radius
and pulse duration we report that annular transport
is accutely sensitive to the peak laser intensity, empha-
sising the key relationship between fast electron trans-
port properties and the laser-drive parameters explored.
These results may have implications for fast ignition and
ion-acceleration schemes.

Introduction

The propagation of relativistic (i.e. fast) electrons,
driven by an ultraintense laser pulse, through a solid
gives rise to the formation and evolution of strong elec-
tromagnetic fields, often at large distances (e.g. 100 µm)
from the interaction region (i.e. fast electron source).
The transport properties of these electrons are there-
fore important for applications, such as the fast ignition
approach to inertial confinement fusion [1] and the prop-
erties of beams of sheath-accelerated ions [2].

Recently, we demonstrated that the resistivity of the
solid at relatively low temperatures (∼ few eV) can pre-
dominantly define the fast electron transport properties
[3, 4, 5].

In this report we numerically investigate, using 3D
hybrid particle-in-cell (PIC) simulations, the sensitivity
of annular fast electron beam transport to the parame-
ters of the drive laser pulse. We observe and quantify
variations to the size (i.e. radius) of the ring and the
density of the electrons forming it as a function of laser
pulse energy, duration and focal spot radius. The result-
ing trends are understood within the framework of the
effects of resistively generated magnetic fields.

Modelling

The simulations are performed using the ZEPHYROS
code [6]. For each simulation case, the fast electrons
propagate in the X-direction with an exponential energy
distribution (of the form exp(− E

Tf
), where E is the elec-

tron kinetic energy) and the mean temperature Tf scales
ponderomotively [7]. The electrons are injected with a
uniform angular distribution over a cone subtended by
a half-angle of 50◦ [8] and in all cases the initial target
temperature is set equal to 1 eV.

The silicon resistivity-temperature profile used in the
simulations, shown in figure 1(a), is obtained from quan-
tum molecular dynamics (QMD) simulations and sub-
sequent wide range Kubo-Greenwood resitivity calcula-
tions [9], as discussed in MacLellan et al. [4]. In that
work, it was shown that the dip in resistivity at tem-
peratures as low as a few eV leads to a reversal in the
resistivity gradient near the edges of the fast electron
beam (where the target is heated to relatively low tem-
peratures).

Example hybrid-PIC simulation results showing 2D
maps (for IL = 5× 1020 Wcm−2; EL = 192 J; τL = 1 ps
and rL = 3.5 µm) are displayed in figure 1, corresponding
to: (b, c) log10 fast electron density (m−3), in the [X-
Y] mid-plane and [Y-Z] rear surface plane respectively;
(d) temperature profile (in eV); and (e) corresponding
map of magnetic flux density (in Tesla). The reversal of
the resistivity gradient generates a reversal in the direc-
tion of the resistive magnetic field. The combination of
the collimating effect of the azimuthal magnetic field en-
veloping the beam and the reversed magnetic field just
inside the edge of the beam, drive a localized increase
in the fast electron beam current density in an annu-
lar profile [4]. When the annulus contains a significant
fraction of the total electron current, the transport pat-
tern is maintained and even reinforced as the electrons
propagate through the target. This reinforcement occurs
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Figure 1: (a) Electrical resistivity of silicon as a function of temperature, calculated utilising ab initio QMD
calculations [4]. Example hybrid-PIC simulation results showing 2D maps (at 1400 fs) of: (b, c) log10 fast electron
density (m−3) in the [X-Y] mid-plane and [Y-Z] rear surface plane; (d) target temperature (in eV), with selected
isothermal contours; and (e) the corresponding magnetic flux density (BZ component in Tesla), displaying two
components: 1) a collimating component which acts to limit the divergence of the beam; and 2) a hollowing
component arising from a reversal in the magnetic field direction inside the edge of the beam.

due to the localised increase in resistive heating arising
from the increase in jf (since resistive heating scales as
j2f ), and thus larger resistivity gradients and azimuthal
B-fields surrounding the annulus.

Simulation Results

To quantify the annular transport present in the simu-
lation results, two parameters are defined: (1) the inner
radius of the annulus; and (2) the ratio of the electron
densities in the annulus to the axial position ([200,0,0]),
both evaluated at the end of the simulation box (i.e. at X
= 200 µm). Together, these quantities effectively quan-
tify the size of the ring and the annulus-to-axial electron
density contrast ratio.

The sensitivity of these parameters to the drive laser
pulse parameters is explored by performing three simu-
lation scans: A) variation of laser pulse energy, EL in the
range 78 - 385 J, for fixed focal spot radius rL = 3.5 µm
and fixed laser pulse duration τL = 1 ps; B) variation of
rL in the range 2.5 - 5.5 µm, for fixed EL = 192 J and τL
= 1 ps; and, C) variation of τL in the range 0.5 - 2.5 ps,
for fixed EL = 192 J and rL = 3.5 µm. These param-
eter ranges were selected such that the peak laser pulse
intensity, IL, was varied in the range 2 × 1020 - 1 × 1021

Wcm−2 for all three scans. To examine these trends in
greater detail, the rear-surface fast electron density sim-

ulation outputs are analysed to quantify the variation of
the size of the annulus and the relative density of elec-
trons contained within it, as a function of IL for each
of the three scans the results are shown in figure 2(a).
Figure 2(b) shows the ratio of the fast electron density
in the annulus (peak density) to the density of the centre
of the beam, [Y, Z] = [0, 0].

For variation of laser-drive energy (i.e. scan A), in-
creasing the energy from 78 J to 385 J produces an over-
all increase in the divergence of the electron beam and
thus an increase in the radius of the annulus. By con-
trast, for increasing the intensity over the same range
(by decreasing the focal spot radius from rL = 5.54 µm
to 2.48 µm (i.e. scan B)) the increase in both the overall
beam divergence and the radius of the ring is smaller −
the fixed laser pulse energy in combination with the in-
creasing laser intensity results in fewer electrons injected
for decreasing focal spot radius. As a consequence the
target temperature and resistivity evolution, and thus
subsequent electron transport properties, changes. In
scan C, significant changes in the beam transport are
found for variation of the pulse duration. As τL is in-
creased, the overall beam divergence and radius of the
annular structure decrease, leading to a more uniform
beam transport for increasing pulse duration.

The overall increase in the ring radius with increasing
peak laser intensity, present for all three scans, is due to
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Figure 2: (a) Inner radius of the annulus at the target rear surface as a function of IL, for the three parameter
scans. (b) Ratio of the fast electron density in the annulus to the density on-axis (i.e. at [200,0,0]) as a function
of IL, for the same three parameter scans.

the increase in the divergence of the fast electron beam
with increasing IL. This is understood as follows: the
magnetic field reversal driving the hollowing effect origi-
nates close to the edge of the beam (where target heating
is of the order of a few eV), and therefore the radius of
the ring is, to first order, defined by the overall beam
divergence. The electron beam divergence, in turn, de-
pends on the angular distribution of the electrons at the
source (which is fixed in these simulations at 50◦ [8]) in
conjunction with the strength of the collimating mag-
netic field. The field is strongest within the first few
tens of microns from the front surface (where the cur-
rent density is highest) − note that beam hollowing is
not seeded until a depth of ∼ 40µm (as shown in fig-
ure 1(c)). In this region (i.e. closest to the front surface)
the spatial profile of the electron beam can be approx-
imated as a cylinder. The resistive azimuthal magnetic
field encasing a uniform cylindrical electron beam of ra-
dius rf can be estimated as ∂B/∂t = ηjf/rf , where the
fast electron current is given by jf = If/Tf , in which If
is the fast electron beam intensity. The inverse depen-
dence of the strength of the collimating magnetic field
on the fast electron energy Tf is due to the decrease in jf
as Tf is increased. Tf scales ponderomotively with the
square root of the laser intensity, and hence as the peak
laser intensity increases the magnetic field strength, and
thus it’s global pinching effect on the fast electron beam,
decreases, increasing the overall beam divergence. Thus
the radius of the ring induced by the hollowing com-
ponent of the field formed near the edge of the beam
increases with IL.

For all three pulse parameter scans the ratio of the
electron density in the annulus to the axial density is
highest for IL = 5 × 1020 Wcm−2 (as shown in fig-
ure 2(b)). Note that the same result at this intensity
forms part of the simulation set for all three scans. For
decreasing laser intensity, the overall beam divergence
and ring radius decreases (due largely to the reduction

in Tf , as discussed above) resulting in a higher beam
density on-axis. Although hollowing still occurs at low
IL, the ratio of the beam densities in the annulus to
the axial position decreases as the collimating magnetic
field component dominates over the hollowing term (for
small beam radii). As IL becomes greater than 5 × 1020

Wcm−2, the rate of the resistive magnetic field growth
decreases. Thus, although the beam radius increases
(which should act to enhance the ratio) the lower mag-
nitude of the hollowing magnetic field, together with the
higher Tf , results in less electrons being diverted into
the annular structure. Since the local jf of the annulus
thereby decreases, the rate of localised resistive heating
is lower and so the reinforcing feedback condition (as dis-
cussed previously) is not established − the ring structure
does not develop properly in this case.

Conclusions

We have described how annular transport patterns of
fast electron beams in silicon, driven by oppositely-
directed azimuthal components of the self-generated re-
sistive magnetic field, varies as a function of the param-
eters of the drive laser pulse. The results reveal an op-
timum peak laser intensity range for transporting fast
electrons within a ring structure (produced in this way).
The simulation results reveal that the size of the annulus
increases with increasing peak laser intensity, driven by
a decrease in the magnitude of the collimating magnetic
field (which defines the overall beam divergence). Fur-
thermore, we find an optimum laser intensity (i.e. IL
= 5 × 1020 Wcm−2) for enhancing the annulus-to-axial
electron density contrast ratio, determined by the rela-
tive strength of the resistive magnetic field components.
Finally, we find that the size of the annular profile is
particularly sensitive to the laser focal spot size, which
enables some degree of control of the annular transport
pattern given a fixed electron beam temperature or drive
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laser intensity.
The study presented in this report is described in fuller

detail in MacLellan et al. [10]. In addition, follow-up
work on this scheme shows that the ring size can also be
controlled by variation of lattice-melt gradients in the
target [11].
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