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Abstract 

Proton generation, transport and interaction with hollow cone targets are investigated by means of two-dimensional PIC simulations. A 
scaled-down hollow cone with gold walls, a carbon tip and a curved hydrogen foil inside the cone has been considered. Proton acceleration is 
driven by a 1020 W • cm and 1 ps laser pulse focused on the hydrogen foil. Simulations show an important surface current at the cone walls 
which generates a magnetic field. This magnetic field is dragged by the quasi-neutral plasma formed by fast protons and co-moving electrons 
when they propagate towards the cone tip. As a result, a tens of kT Bz field is set up at the cone tip, which is strong enough to deflect the protons 
and increase the beam divergence substantially. We propose using heavy materials at the cone tip and increasing the laser intensity in order to 
mitigate magnetic field generation and proton beam divergence. 
Copyright © 2016 Science and Technology Information Center, China Academy of Engineering Physics. Production and hosting by Elsevier 
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.Org/licenses/by-nc-nd/4.0/). 
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1. Introduction 

Proton acceleration by laser beams is a subject of interest 
for many potential applications which cover a wide range, 
from cancer therapy [1] to high energy density matter studies 
[2], including fast ignition of inertial fusion capsules [3,4]. 
The target normal sheath acceleration (TNSA) scheme [5] has 
been widely studied by several authors over the last 15 years. 
Just after the first experimental evidence of proton acceleration 
by the TNSA scheme, fast ignition (FI) of inertial fusion 
capsules by laser-driven protons was proposed [6]. This was 
followed by theoretical studies on the TNSA scheme [7,8], 
target studies 9—11], new irradiation schemes [12—14] and 
the use of ions heavier than protons [15,16]. One of the main 
advantages of proton FI is its high laser-to-proton conversion 

efficiency which can be as high as 15% as it has been 
demonstrated in recent experiments [17]. 

The standard proton fast ignition scheme assumes that the 
proton beam is generated inside a hollow cone attached to an 
inertial fusion capsule by means of the TNSA scheme [18]. Most 
of the proton FI calculations carried out so far are based on the 
strong assumptions of ideal perfectly collimated beams and 
optimal target configurations, which clearly under-estimate the 
laser energy requirements for ignition. Other studies [19] 
assumed that proton acceleration and transport within the cone 
takes place in an ideal manner, i.e. protons are focused on the cone 
tip and emerge with a given divergence angle. In addition, it is 
widely assumed that there are not any relevant interactions be
tween the proton beam and the cone tip. Only recently, collective 
stopping of ion beams in solid matter has been reported [20]. 

Beam focusing is one of the key issues of proton FI. Some 
focusing techniques have been developed for laser-driven 
protons such as ballistic transport [21,22], magnetic lenses 
[23—25], self-generated fields in hollow microcylinders illu
minated by intense sub-picosecond laser pulses [26] and 
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achromatic electrostatic lenses [27]. Offermann et al. [28] 
found theoretically and experimentally that ion divergence 
depends on the thermal expansion of the co-moving hot 
electrons, resulting in a hyperbolic ion beam envelope. Using 
these results, Bartal et al. demonstrated experimentally an 
enhanced focusing of TNSA protons in cone targets, predict
ing spot diameters about 20 um for proton FI conditions [29], 
well under the 40 um spots required [14,19]. The focusing 
mechanism reported by Bartal et al. is based on the onset of an 
electron sheath near the cone walls, which generates the 
electrostatic fields to focus the proton beam on the cone tip. 

In this paper, proton generation, transport and interaction 
with the cone tip are studied by means of two-dimensional 
(2D) PIC simulations. A scaled-down hollow cone with gold 
walls, a carbon tip and a curved hydrogen foil inside the cone 
has been considered. Proton acceleration is driven by a 1020 

W • cm~2 and 1 ps laser pulse focused on the converter foil. The 
cone is surrounded by a deuterium-tritium (DT) low density 
plasma mimicking the imploded shell of the standard cone-
targets used in fast ignition. It is worth pointing out that the 
cone tip and the surrounding DT plasma have not been 
considered so far in studies of proton acceleration in hollow 
cones despite they play an important role in the beam 
neutralization and divergence. 

This article is organised as follows. In Section 2, the data 
used in PIC simulations are described. Section 3 summarises 
the results obtained for the proton beam generation and 
transport within a standard cone design. Next, in Section 4, it 
is proposed using heavy elements in the cone tip and higher 
intensity laser pulses in order to mitigate the magnetic field 
growth and the subsequent beam deflection at the cone tip. 
Finally, conclusions and future work are summarized in Sec
tion 5. 

2. Simulation model 

Proton beam generation and transport simulations have 
been performed by means of the 2D PIC code EPOCH [30]. 
We assume that a highly uniform laser beam impinges on a 
curved hydrogen foil (the converter) placed inside a hollow 
cone. Following the standard proton fast ignition scheme [31], 
the cone is formed by gold walls and a carbon tip in order to 
mitigate the proton beam scattering and energy losses found 
for high-Z materials [19]. The cone is cold initially. However, 
a mean charge state of +18 has been assumed for the gold 
walls and full ionization for the carbon tip, which are kept 
constant during the whole simulation. The electron density of 
the cone tip and walls is set to 100wc, where 
nc = 1.1 x 1021 cm~3 is the critical density for a laser beam 
with a wavelength A = 1 um. The masses of the Au18+ and 
C + ions are set to 191 nip and 12mp, respectively, where mp is 
the proton rest mass. The cone opening half-angle is 20° and it 
is surrounded by a fully ionized deuterium-tritium plasma with 
an electron density of 10wc and an ion mass of 2.5mp. The cone 
walls and the tip thicknesses are 5 um and 8 um, respectively. 
The simulation box used is shown in Fig. 1. The converter is a 
3.5-um-thick hydrogen foil with an electron density of 100wc 
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Fig. 1. Initial electron density distribution for PIC simulations. The laser pulse 
comes from the left. 

and a pre-plasma sited at the laser side with an exponential 
profile, exp(— r/l), where r is the radius and 1 = 2 um the 
scale-length. The curvature radius of the converter is 65 um 
and it is centered at x = 85 um, the middle of the cone tip. We 
assume that initially the converter foil and the surrounding DT 
are fully ionized and cold. 

The size of the simulation box is 120 um x 90 um in the x 
and y directions, respectively. The cell width is 0.0286 um in 
each direction, which corresponds to 35 cells per laser 
wavelength. The total number of particles in the simulation 
box is 7.5 x 108. 

A p-polarized laser pulse impinges on the left side of the 
simulation box. The laser wavelength is X = 1 um and the 
peak intensity 7max = 1 0 W-cm~ (normalized vector po
tential a0 = 7.25). The laser intensity is given by 

/=/maxexp[-(y/<r)4]exp{-[(f-fo)/T]2}, where a = 30 um, 
T = 0.6 ps and ?o = 0.6 ps. A highly uniform laser beam with a 
super-Gaussian radial distribution has been selected to 
improve the ion beam focusing [32]. 

Periodic boundary conditions have been chosen for parti
cles and fields in the y direction, while laser (fields outflow, 
laser inflow) and thermal conditions are used at the left and 
right boundaries, respectively. Coulomb collisions have not 
been taken into account in the simulations shown in the next 
Sections. 

3. Proton acceleration and transport in standard hollow 
cones 

Fast electrons are generated in the pre-plasma region next 
to the converter foil and propagate almost at the speed of light 
towards the cone walls and the surrounding DT plasma. The 
fast electron temperature at the time of the peak laser intensity 
(0.6 ps, 1020 W-crrr2) is 4.5 MeV, which is higher but close to 
the ponderomotive scaling (3.9 MeV). As expected for the 
thick foil used in our simulations (3.5 um), protons are 
accelerated at the foil rear surface by the TNSA mechanism 



with the difference that, actually, the quasi-neutrality of the 
converter foil is maintained not only by the refluxing fast 
electrons from the rear foil surface, but also by the electrons 
moving from the cone walls and the surrounding DT to the 
foil, as shown in Fig. 2. As a result, a surface current in the 
cone walls directed towards the tip is set up generating a Bz 

magnetic field, whose consequences will be analyzed in the 
next sections. The laser-to-proton conversion efficiency found 
in this case is about 7% and the proton mean energy in a plane 
sited at x = 91 um, just after the cone tip, is 3.3 MeV. 

The longitudinal electric field Ex and the transverse electric 
field Ey averaged over a laser period at 0.5 ps are shown in 
Fig. 3. The Ex field is generated by the charge separation 
induced by fast electrons trying to escape through the foil rear 
surface. The accelerated protons are neutralized in charge and 
current by the co-moving fast electrons, creating a quasi-
neutral plasma which propagates towards the cone tip. The 
Bz field generated initially near the converter rear surface is 
dragged by this quasi-neutral plasma, as will be discussed in 
the next paragraphs. This Bz field together with the Ex field 
cause that most of the fast electrons reflux across the converter 
while a smaller fraction flows along the converter rear surface. 
This surface current propagates and continues flowing along 
the cone inner surface towards the tip [33]. 

The transverse electric field Ey averaged over a laser period 
at 0.5 ps is plotted in Fig. 3(b). Similarly to the development of 
the Ex field at the converter rear surface, the Ey field is 
generated by the fast electrons trying to pass through the cone 
wall vacuum interface. Nevertheless, as gold ions are much 
heavier than protons, their acceleration towards the axis is not 
as important. As a result, fast electrons are trapped in the wall 
due to the Ey and Bz fields setting up a surface current directed 
towards the cone tip. On the contrary, the Ey field pushes the 
accelerated protons towards the cone axis, focusing them in a 
diameter smaller than the tip. Later on, when the laser is off 
and the Ey field is lower, the focusing diameter increases up to 
almost the tip diameter. Hence, the beam focusing is a dy
namic process changing the beam diameter from a few mi
crons at the beginning of the proton pulse to the inner radius of 
the cone tip after the end of the pulse. 

The relatively low laser-to-proton conversion efficiency 
(~7%) found in our collisionless PIC simulation can be 
explained by the free flow of fast electrons and wall currents 
in our simulation, which reduces the sheath electron density 
at the converter rear surface and, thus, the accelerating 
electric field Ex, as it was reported by Qiao et al. [33]. A 
remedy for this is to add an insulator material between the 
converter foil and the cone walls in order to reduce the 
electron flow coming from the cone and even from the sur
rounding DT. However, as the increase of conversion effi
ciency takes place at the expense of beam focusing, a 
balance between both trends should be found for ignition-
scale cone-target designs. 

The evolution of the Bz field is plotted in Fig. 4, where the 
generation of magnetic field at the cone walls by the surface 
currents is shown, as it was anticipated by Zou et al. [34]. It is 
interesting to note how the Bz field generated near the walls 
and near the converter rear surface is dragged by the quasi-
neutral plasma formed by the accelerated protons and co-
moving electrons when travelling towards the cone tip. The 
amplification of the Bz field when frozen in a moving plasma is 
given by the induction equation, which for a collisionless 
plasma reads: 

V x ( v x B ) . (1) 
dB 
~dt 

According to this equation, when the quasi-neutral plasma 
reaches the cone tip, the plasma velocity v drops to almost 
zero and the Bz field does not propagate further. In addition, 
the Bz amplification is a consequence of the magnetic flux 
conservation derived from Eq. (1). It is important to point out 
that the polarity and strength of the Bz field near the cone tip is 
such that it bends the trajectory of the protons, de-collimating 
the beam and raising its divergence. It is even possible that the 
Bz field hollows the proton beam, generating a ring shaped 
beam. This effect has been corroborated in experiments car
ried out at the Institute of Laser Engineering (ILE), Osaka 
University, Japan, where beam hollowing was measured in 
standing alone gold cones illuminated by 1.5 ps laser pulses 
with an intensity of 1019 W-cm~2 [35]. 
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Fig. 2. (a) Density distribution of electrons from the cone walls and (b) surrounding DT plasma at 0.8 ps. The initial position of the cone edges is also depicted. 
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Fig. 3. Distributions of the electric field averaged over a laser period at 0.5 ps. (a) Longitudinal electron field Ex and (b) transverse electric field Ey 
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Fig. 4. Bz field distributions at (a) 0.5 ps, (b) 1.5 ps, (c) 2.5 ps and (d) 3.5 ps. 

In addition to the increase of the beam divergence, the Bz 

field at the cone tip affects also the proton beam neutralisation. 
As a fraction of the co-moving electrons are trapped at the 
cone tip by the Bz field, the beam neutralizaton depends on the 
electrons provided by the tip and mainly by the surrounding 
DT to make possible the proton beam propagation. 

The proton beam energy density obtained in our simula
tions is shown in Fig. 5, where an increase of the beam 
divergence and beam hollowing can be observed. It is worth 
noting that despite the proton beam is focused by the cone into 
a diameter similar to the cone tip or lower, the strong erosion 
of the carbon cone tip thickness compresses the Bz field, even 
more (see Fig. 4(d)), increasing its strength and resulting in the 
abovementioned beam hollowing and a substantial raise of its 
divergence. 

The radial and angular distributions of protons just before 
and after the cone tip are shown in Fig. 6. The selected time of 
2.0 ps and 3.5 ps corresponds to a beam power of 85% and 
40% of its peak value (attained at 1.6 ps), a beam energy of 
33% and 70% of the total beam energy, and a proton mean 
kinetic energy of 10.3 MeV and 2.7 MeV, respectively. It is 
interesting to note the evolution of the beam radial profiles 
from Gaussian to hollow when passing through the tip due to 
the Bz field. In both cases, the beam diameter is similar or 
smaller than the tip diameter (=14 um), so that the cone ful
fills perfectly its role of focusing the proton beam. We can also 
observe in Fig. 6(b) how the angular distribution is Gaussian 
before the tip with an increasing divergence with time. Just 
after the tip, the proton angular distribution is still Gaussian at 
2 ps, while is strongly distorted at 3.5 ps by the Bz field at the 
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Energy density of the proton beam at (a) 1.0 ps, (b) 1.5 ps, (c) 2.5 ps and (d) 3.5 ps. 
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Fig. 6. (a) Radial and (b) angular distributions of the proton beam just before (x = 79 urn) and after (x = 91 urn) the cone tip at selected times. The distributions 
before and after the cone tip are plotted by dashed and solid lines, respectively. 

tip (see Fig. 4(d)), as shown in Fig. 6(b). At this time, the beam 
divergence is quite high, with a full width at half maximum 
(FWHM) of about 55°. 

4. Reduction of the beam divergence 

As the Bz field is generated by the surface currents along 
the cone walls, the control of these currents can be effective 
for reducing the beam divergence. This could be done by 
isolating partially the converter foil from the cone walls by 
using high resistivity materials. In addition, this procedure has 
the advantage of improving the laser-to-proton conversion 
efficiency, as mentioned in Section 3. However, due to the 
extensive computational resources requested for doing multi-
ps PIC simulations including collisions, we study here the 

dependence of the beam focusing on basic parameters of the 
cone target and the laser pulse, such as the cone tip material 
and the laser intensity. Advanced cone designs including 
collisional PIC simulations will be a subject of future studies. 

4.1. Reduction of the beam divergence by using heavy 
materials at the cone tip 

As shown in Section 3, the strong erosion of the carbon 
cone tip at the end of the proton pulse increases the beam 
divergence substantially. Thus, we have explored the pos
sibility of reducing the tip erosion by using a heavier ma
terial at the cone tip. We have conducted PIC simulations of 
the same hollow cone depicted in Fig. 1 but with a gold tip. 
The electron densities near the carbon and gold cone tips are 



plotted in Fig. 7, where it is shown how the strong erosion 
of the carbon tip (see Fig. 7(a)), is substantially reduced by 
using a gold tip (see Fig. 7(b)), and even more by using a 
gold cone tip and higher laser intensities (see Fig. 7(c)). The 
evolution of the proton beam energy density in the case of 
Fig. 7(b), with a gold cone tip and an energy of 1020 

W - c m - 2 , can be seen in Fig. 8, where the reduction of the 
beam divergence is evidenced. Again, the beam is well 
collimated and focused for the highest energy protons 
(23 MeV at 1.5 ps) while it is deflected by the Bz field 
presented at the cone tip for lower energy protons 
(2.7 MeV at 3.5 ps). 

Despite that the use of heavy materials at the cone tip 
improves the beam focusing, it has the drawback that 
Coulomb collisions between the beam protons and the tip, not 
taken into account in the PIC simulations shown here, will 
result in proton scattering and energy loss. The consequences 
of using high-Z elements at the cone tip in the proton fast 
ignition scenario have been quantified recently in Ref. [19], 
where it is shown that replacing a 25 um carbon tip by a gold 
tip of the same thickness increases by 30% of the minimum 
ignition energy of a proton beam with a temperature of 7 MeV. 
Therefore, to improve the proton beam focusing by using 
heavy elements has a non-negligible cost in the laser beam 
requirements. Of course, the two opposite trends of beam 
focusing and ignition threshold should be balanced to mini
mize the laser beam energy requirements in a proton fast 
ignition point design. 

4.2. Reduction of the beam divergence by increasing the 
laser intensity 

In order to reduce the proton beam divergence further, we 
have explored the possibility to raise the laser intensity while 
keeping the pulse energy constant. Higher laser intensities will 
lead to higher proton temperatures and shorter interaction 
times, which in turn will give rise to lower deflection of pro
tons and a lower generation of Bz field at the rear surface of the 

converter foil. Hence, both effects will contribute positively to 
proton beam focusing. 

The effect of laser intensities higher than 10 W - c m - has 
been analyzed by conducting a set of simulations of the cone 
shown in Fig. 1, with a gold tip driven by Gaussian laser 
pulses with peak intensities from 10 W-cm" to 3 x 1020 

W - c m - 2 and pulse durations from 1 ps to 0.33 ps, respec
tively. In these cases, the laser absorption fraction increases 
from 0.67 to 0.73, the laser-to-proton conversion efficiency 
from 7% to 12%, and the proton mean kinetic energy from 
3.3 MeV to 5.8 MeV when the peak laser intensity increases 
from 1020 W - c m - 2 to 3 x 1020 W - c m - 2 , respectively. Our 
simulation results are plotted in Fig. 9, where a stable beam 
propagation is shown. Note that the divergence angle in Fig. 9 
is lower than those in Figs. 5 and 8. Even low energy protons 
(2.7 MeV at 3.5 ps) form an almost uniform beam with a 
divergence half-angle around 15° (half width at half 
maximum). 

The dependence of the beam divergence on the laser in
tensity is analyzed in Fig. 10. It is interesting to note that the 
proton angular distribution just before the cone tip is similar 
for the three laser intensities analysed. They have a Gaussian 
shape with a FWHM around 30°. However, just after the cone 
tip, there is a substantial difference between the divergences 
obtained for different laser intensities, which can be explained 
by the magnetic fields at the cone tip. For peak laser intensities 
of 2 W-cm" ~2 and 3 x 1020 W • cm , the angular distribution 
just after the cone tip has a Gaussian profile with the FWHM 
around 30°, while for 1020 W - c m - 2 it raises up to 40° 
(FWHM), lower than the 55° (FWHM) found for a carbon 
cone tip with the same thickness and laser intensity. The role 
played by the cone tip in the deflection of the proton beam is 
evidenced by comparing Fig. 10(a) and (b). It is worthwhile 
pointing out that protons inside the cone have a Gaussian 
distribution with a spread depending, in principle, on the cone 
opening angle. This distribution is distorted by the Bz field 
cumulated at the tip, specially for the case of 1020 W •cm . 
Our results show that this distortion can be mitigated by using 

40 80 

20 L 

o l 

20 p 
' 

60 80 

x(nm) 
10060 100 

Fig. 7. Electron density distribution near the cone tip at 3.5 ps for the targets with (a) carbon cone tip and peak laser intensity of 10 W c m , (b) gold cone tip and 
peak laser intensity of 10 W c m - , and (c) gold cone tip and peak laser intensity of 3 x 10 W c m - . 
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Fig. 8. Energy density of the proton beam at (a) 1.0 ps, (b) 1.5 ps, (c) 2.5 ps and (d) 3.5 ps for the target of Fig. 1, but with a cone tip of solid gold. The peak laser 
intensity is 10 W c m - . 
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Fig. 9. Energy density of the proton beam at (a) 1.0 ps, (b) 1.5 ps, (c) 2.5 ps and (d) 3.5 ps for the target depicted in Fig. 1, but with a gold cone tip and illuminated 
by a laser pulse with a peak intensity of 3 x 10 W c m - . 
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Fig. 10. Angular distribution of the proton beam at 3.5 ps just (a) before (x = 79 urn) and (b) after (x = 91 urn) the gold cone tip as a function of the peak laser 
intensity. 

laser pulses with intensities higher than the standard 10 
W-cm~2 and high-Z materials at the cone tip. 

5. Conclusions 

Previous analyses have evidenced that the proton fast 
ignition calculations carried out so far have been optimistic 
regarding the distribution function of protons assumed and, in 
particular, its angular divergence [19]. Most of the analyses are 
based on perfectly collimated proton beams depositing their 
energy in a high density, isochoric DT core without sur
rounding plasmas [13]. Those analyses have motivated the 
study presented here, which is a characterisation of the proton 
source in the FI scenario by means of 2D PIC simulations. Our 
study is still preliminary because we are still far from a full 
characterization of the proton source for FI. Nevertheless, we 
have obtained relevant conclusions. The most important one to 
point out is that the surface currents at the cone walls generate 
a strong Bz field, which is dragged towards the cone tip and is 
amplified to high enough values of several tens of kT, to in
crease the proton beam divergence and, hence, the laser pulse 
energy requirements. Thus, controlling this source of proton 
divergence is of primary interest for fast ignition. 

In this paper, we have proposed two actions for reducing 
the beam divergence: (1) using high-Z elements at the cone tip 
in order to avoid important tip erosion by making it more rigid 
and (2) using laser intensities higher than the standard 10 
W-cm~2 proposed for proton FI. Using heavy elements at the 
tip should be accompanied by the selection of the optimal 
material to fulfill the contradictory requirements of low beam 
divergence by using high-Z cone tips and minimum proton 
scattering due to Coulomb collisions by using low-Z elements. 
Increasing the laser intensity seems to be appropriate for 
reducing the proton beam divergence. However, it has to be 
demonstrated for the -10 ps pulses required for proton FI. In 
general, the extension of our results to energies of tens of kJ 
and pulse durations of a few tens of picoseconds is still a task 
not affordable today by PIC simulations with present computer 
resources. Anyway, PIC simulations of ion acceleration and 
transport in cones are crucial to assess the feasibility of 
proton FI. 

Our future work will be to perform integrated simulations 
of fast ignition with a more realistic proton source obtained 
from PIC simulations in order to have better estimations of the 
laser pulse required for the standard proton FI scheme based 
on TNSA. More advanced schemes such as the breakout-after
burner (BOA) [36] or the radiation pressure acceleration 
(RPA) [37] schemes should be investigated for the fast ignition 
scenario in order to minimize the laser beam requirements. 
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