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a b s t r a c t

We examine proton acceleration from spherical carbon-hydrogen targets irradiated by a relativistic laser
pulse. Particle-In-Cell (PIC) simulations are carried out in 2 and 3 dimensions (2D and 3D) to compare
fast proton spectra. We find very different final kinetic energies in 2D and 3D simulations. We show that
they are caused by the different Coulomb fields in 2D and 3D. We propose a correction scheme for the
proton energies to test this hypothesis. In the case of sub-focus diameter targets comparison of corrected
2D energies with 3D results show good agreement. This demonstrates that caution is required when
modeling experiments with simulations of reduced dimensionality.

& 2016 Elsevier B.V. All rights reserved.

1. Overview

1.1. Motivation

Recently many simulations and experiments have been carried
out to investigate the properties of fast particles emitted from
plasmas that are produced when mass limited targets are irra-
diated by relativistic pico- or femtosecond laser pulses (comp.
[6,10,8,14,11]). The long-term goal of these investigation is to
develop new accelerating technologies and radiation sources. The
cooperative effort of experiment and simulation in this area is
fruitful for both fields, as comparing the results can help to
improve the methods and models used by both. The simulations
presented here are carried out in the context off recent experi-
ments using levitating targets by the group of Jörg Schreiber at
LMU (Garching). We make use of the PSC [7,1,5,4] developed at the
chair for Computational Physics at LMU to simulate the interaction
of isolated spherical two-component targets with relativistic laser
pulses lasting 55 fs. We ask whether a two dimensional repre-
sentation can yield satisfying results by comparing these to 3D
simulations.

1.2. Set-up

The target in the associated experiment is a polystyrene ball of
varying diameter consisting of a 1:1 mixture of hydrogen and
carbon. It is modeled by a spherical plasma (fully ionized ab initio)
with the corresponding amount of electrons (1 per hydrogen, 6 per
carbon ion). We scan the properties of the resulting proton spec-
trum for different target sizes, ranging in diameter from 500 nm
to 20 μm.

A 55 fs FWHM Gaussian laser pulse (λ¼1 μm, 8.3 μm FHWM
transversal Gaussian profile) is seeded into the simulation domain.

A rectangular simulation domains of 2048�4096 cells in 2D
and 2688�1536�1536 cells for 3D are used corresponding to a
spatial resolution of 64 cells per micrometer. For 2D simulations,
boundaries are open at the slice edges and periodic on the slice
planes (y direction) for fields and particles. For 3D simulations all
boundaries are open. To avoid the danger of unstable plasma wave
modes due to the finite resolution (as described in [15]), we use
one half of the solid density ns of polystyrene corresponding to
ns=2¼ 1:7 � 1023=cm3, unless otherwise specified. For the same
reason particles of the target are initiated with a Maxwellian
momentum distribution corresponding to a plasma temperature
in the keV range. Unless specified otherwise the initial tempera-
ture was 10 keV in the simulations.
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2. 2 Dimensional simulations

Since the computational load (machine run time and data
output) is much smaller in 2D as compared to 3D, a reduced
dimension model is often employed (for example [2,8,3,11]). We
try to investigate whether simulations with reduced dimensions
can still lead to reliable results for the scenario of a short laser
pulse interacting with polystyrene microspheres as described in
this paper.

The 2D geometry implies that the linear polarized laser pulse
interacts with a cylinder rather than a sphere. This means that the
laser can be polarized either along the cylinder axis (s-polariza-
tion, 2D-s) or perpendicular to it (p-polarization, 2D-p). We expect
that the s and p cases lead to different results for otherwise same
parameters.

2.1. Difference between polarization directions

The electron motion is governed by the Lorentz force leading to
ponderomotive potential effects. For p-polarization significant
numbers of electrons can move along the electric field and be
extracted from the target, forming ultrashort bunches separated
by one laser wavelength (see Fig. 1). This process is described in
detail in [9]. For the s-polarization case displacement along the
direction of the electric field is impossible. However, electrons still

experience the j
!� B

!
-force, but do not form bunches to the same

extent as in the p case. Since the j
!� B

!
-force changes sign

4 times during a laser cycle, density modulations with the
separation of half a wavelength are observed. In addition the
longitudinal ponderomotive force is overestimated as electrons
only see the maximum field strength in the middle of the pulse
(see Fig. 1). We also note that for a 2 μm target average electron
temperature is 0.3 MeV for p but only 0.12 MeV for s-polarization,
in both cases exceeding the initial temperature substantially.

We observe that ion kinetic energies are significantly higher in
the p case than in the s case. The energy mismatch is largest for
the smallest targets as is seen in Fig. 2. We attribute this mismatch
in energy to a difference in electron removal, which in the p case is

about 77% for 0.5 μm and 12% for a 2 μm target, but much lower in
the s case (40% for 0.5 μm and 3% for 2 μm). Here we specify the
percentage of electrons still present in a 16�32 μm rectangle
around the target 500 fs after pulse maximum. The suppressed
electron depletion in the s-case obviously implies, that a 2D-s set-
up cannot model the interaction scenarios in 3D.

The rising maximal energies for smaller target radii in the p-
case do not agree with experimental findings (e.g. [13,12]).
Noticeably the protons continue to considerably gain kinetic
energy until they reach the simulation domain boundaries. This is
caused by the Coulomb field of the positive charge surplus at the
target. To retrieve reliable kinetic energy spectra we conduct
3 dimensional simulations of the same set-up.

3. 3 Dimensional simulations

The same set-up was then simulated in 3D using the same reso-
lution and pulse parameters but a shorter box (2688�1536�1536
cells) to reduce memory demand.

When comparing the p-pol 2D set-up with a slice of the 3D
simulation domain along the laser electric field polarization

Fig. 1. 2D simulation of a 2 μm target, a0 ¼ 12, laser wavelength λ¼1 μm. Above:
Qualitative comparison of electron dynamics in the p (a) and s (b) polarization case
(electron density). We observe the different frequency of the density waves. Below:
Proton energy spectrum 200 fs after pulse maximum (power of 10 of the number of
quasi-particles, p-pol (c) and s-pol (d)).

Fig. 2. Maximum proton energies for p and s polarized laser field using a long box
(2048�4096, corresponding to 32 μm and 64 μm), an initial temperature of
50 keV, n0 ¼ 0:25 � ns and a0 ¼ 15.

Fig. 3. 500 nm target in 3D, a0 ¼ 12. Contour plot of electron density in 50 nm
slices through the center of the 3D simulation domain: (a) in polarization plane,
(b) perpendicular to polarization plane and (c) both. The ultrashort electron bun-
ches appear as in the 2D-p case. Density scale shows the powers of 10 of the
number of quasi-particles in a slice volume element 10Δx � 10Δx � Δx.
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