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Micro-sphere layered targets efficiency in laser driven proton acceleration
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Proton acceleration from the interaction of high contrast, 25 fs laser pulses at >10'" W /cm? intensity
with plastic foils covered with a single layer of regularly packed micro-spheres has been investigated
experimentally. The proton cut-off energy has been measured as a function of the micro-sphere size
and laser incidence angle for different substrate thickness, and for both P and S polarization. The
presence of micro-spheres with a size comparable to the laser wavelength allows to increase the proton
cut-off energy for both polarizations at small angles of incidence (10°). For large angles of incidence,
however, proton energy enhancement with respect to flat targets is absent. Analysis of electron
trajectories in particle-in-cell simulations highlights the role of the surface geometry in the heating of

electrons. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4819239]

. INTRODUCTION

Acceleration of ions with high intensity laser pulses has
been raising great interest for more than twelve years' and
we nowadays have a detailed knowledge of the main acceler-
ation mechanism, known as Target Normal Sheath
Acceleration (TNSA). During the interaction of a high inten-
sity laser pulse with a solid target (usually a micrometric
thick foil), a fraction of the laser energy is transferred to a
population of hot electrons. These latter migrate through the
target and cross the rear target/vacuum interface, producing
a sheath electric field of the order of some TV/m which
accelerates ions (mainly protons due to their favorable mass/
charge ratio). The characterization of proton emission pro-
vides a diagnostic for the processes of laser energy absorp-
tion and fast electron generation and transport in solid
targets.2 The energy, duration, flow, divergence, and lami-
narity characteristics of TNSA-accelerated ions allow to use
them for several application such as isochoric heating,? ultra-
fast probing of electromagnetic fields in plasmas,* radiogra-
phy of dense matter,” and radiobiological studies.® In
addition, there is potential for laser-driven nuclear physics
applications such as neutron production’ and isotope produc-
tion for positron emission tomography,® especially if ion
acceleration can be optimized for femtosecond, small-scale
laser systems.

With particular regard to the latter applications (and fo-
cusing on the acceleration of protons in the following), it is
important to investigate strategies to enhance both the proton
maximum energy and the laser energy conversion efficiency,
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and possibly to tailor their spectral distribution. One of the
suggested ways is using structured targets in order to
increase the coupling efficiency. Examples of such targets,
having either nanometric’ or micrometric'” structures on the
irradiated surface, have been already investigated. The
observed X-ray yield enhancement'' has been ascribed, for
instance, to the action of multipass stochastic heating of the
hot electrons in the oscillating laser field."?

This paper reports on an experimental study of “Micro-
Spheres Targets” (MSTs) composed by a thin (~um thick)
plastic foil (substrate) with a mono-layer of hexagonally
packed micrometer polystyrene spheres on its surface. The
work here reported follows from previous indications by
particle-in-cell simulations of MST targets,"> showing
enhancement of absorption and proton energy, and is com-
plementary to similar measurements on a different laser
system.'*!'> We studied the influence of laser polarization
and incidence angle as well as of the structure size on the
coupling efficiency of MSTs on the proton cut-off energies.

Il. EXPERIMENTAL SET-UP AND TARGET
STRUCTURE

The experiment was performed on the UHI-100 laser fa-
cility at CEA-Saclay. UHI-100 is a Ti:Sa laser delivering up
to 2J in a 25 fs pulse, with a contrast ratio better than 108
which is further improved to about 10'* using a double
plasma mirror (DPM).16 This latter feature is essential in
order to preserve the MST surface structures. Laser wave-
front correction is accomplished through a deformable mir-
ror which enables to focus the laser pulse down to a 6 um
(FWHM) spot by using an f/3.75 off-axis parabola. The laser
energy measured after the pulse compressor and the plasma
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mirror was 0.79J, and after the focusing optics a 50% of
such energy inside a 1/e* spot was estimated. This corre-
sponds to 0.2J in the FWHM spot, leading to a peak intensity
of I =2.8 x 10 Wem™2. A rotating 1/2 wave plate was
put on the laser path in order to study the influence of the
pulse polarization (P or S). The incidence angle was varied
from 10° up to 45° turning the target holder (around its verti-
cal axis) without modifying the laser optical path. Proton
emission was measured by a Thomson parabola, detecting
proton energies ranging from 400keV to 20 MeV (with a re-
solution AE/E =~ 5 x 1072 for the highest energies).

Targets were made of a thick Mylar substrate with dif-
ferent thicknesses (900 nm, 20 um, and 40 um) and a single
layer of either 471nm or 940nm diameter polystyrene
micro-spheres deposited at the surface in a hexagonal layout
(see Fig. 1).

lll. EXPERIMENTAL RESULTS

In Fig. 2, we show the measured cut-off proton energies
as a function of the micro-sphere size for P polarized laser
pulses at 10° incident angle. The O um sphere size refers to
simple foils without any structured layer. As expected on the
basis of previous investigations with the same laser system,
we did not detect any proton emission using 20 and 40 um
simple foils, due to their considerable thickness and to the
small incidence angle. Nevertheless, repeating the measure-
ments using 20 and 40 pum substrate MSTs, we observed that
the presence of structures, and in particular of the 940 nm
diameter micro-spheres, increases the proton energies above
the detection threshold. Measurements in S polarization are
reported too showing that the surface modulation induced by
the spheres layer allows to transfer the laser energy to the
target as effectively as in P polarization.

The observations are in qualitative agreement both with
simulation results'? and with independent experimental
measurements.'* With respect to the latter, quantitative dif-
ferences in the energy values and in the “optimal” size of the
spheres may be ascribed to different parameters, including
target thickness, laser intensity and incidence angle. Taking
the detection threshold as an upper limit for the proton

FIG. 1. Scanning Electron Microscopy picture of the 940 nm micro-sphere
hexagonal layout of a MST. The lines indicate three different directions
along which the structure would present a different spatial period.
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FIG. 2. Proton maximum energies as a function of micro-sphere size for dif-
ferent substrate thickness and PIC simulation data for a 900 nm substrate. P
and S polarization measurements are reported as empty and filled marks
respectively. Here and in Fig. 3, each point (error bar) represents the average
value (statistical error) of five consecutive laser shots. Measurements falling
under the diagnostic detection threshold (gray filled region in the plot) have
been reported as an arbitrary 0.2 MeV constant value (for plot clarity sake,
low energy S data have been omitted).

cut-off energy in flat targets, the relative enhancement in the
case of 470nm spheres is at least a factor of 2.5 and may
further double for the 940nm sphere, as shown in Fig. 2.
Such enhancement factor is larger than observed in Ref. 14
at higher intensity. Furthermore, recent additional measure-
ments'> on the same laser system of Ref. 14 showed that
both the relative increase with respect to flat targets and
the dependence on the sphere’s thickness become much
smoother at higher intensity.

On the other hand, the 900 nm thick MSTs show energy
values close to those observed for the simple foils, in con-
trast with 2D Particle-In-Cell (PIC) simulation results
(see Ref. 13 for details), which foresee a cut-off energy
enhancement of about 50% for both sphere sizes. Notice that
the PIC simulations for flat thin targets reproduce well the
observed energy cut-off, which is much higher than for
thicker targets due to the contribution of electron recircula-
tion process'’ (under our interaction conditions recirculation
should enhance the proton energy for thicknesses approxi-
mately in the 500 nm—2um range'®). The strong discrepancy
between experiment and simulation for the layered sphere
case should then be ascribed to some technical or manufac-
turing issue with very thin foils, of thickness comparable to
the diameter of the spheres, such as insufficient adhesion to
the surface or wrapping and deformation of the foil. The
exact nature of the failure to yield enhanced acceleration in
the thinnest target case is not fully clear at present. In
Ref. 14, the energy enhancement was observed for 1 um
thickness but with significant fluctuations, which supports
the possibility of technical issues with thin targets.

Figure 3 reports the variation of proton energy as a func-
tion of the incidence angle, for P and S polarized laser pulses
and the 20 um thick, 940 nm spheres MST. While both P and
S polarization give similar cut-off energies and a strong
enhancement of proton energy with respect to flat targets at
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FIG. 3. Proton maximum energies as a function of the incidence angle for
the 20 um thick MST and a 20 um flat Mylar foil, in P and S polarization.

the smallest angle (10°), for the largest angle (45°) the
behavior is very close to flat foils, with almost the same cut-
off energy for P polarization and a much lower value for §
polarization. This trend may be related to the increase of
both the focal spot size and the geometrical shadow effect by
the structured surface for increasing angles, so that the cou-
pling with the spheres is reduced and the interaction condi-
tions get eventually similar to those of a flat foil.

While a comparison with Ref. 14 is not possible since in
that experiment a single angle of incidence (22.5°) was
investigated, the decrease of proton energy enhancement as a
function of the incidence angle using P polarized laser beam
agrees qualitatively with absorption measurements using tar-
gets with surface roughness of similar size.'® The femtosec-
ond laser pulse absorption (which is connected with the
efficiency of ion acceleration) reported in Ref. 19 was almost
constant in the range between 20° and 60° for rough surfaced
targets, whereas the absorption was increasing for flat tar-
gets. The latter may be simply attributed to “vacuum
heating” (or Brunel effect),?’ which is driven by the electric
field component of the laser field and is more efficient at
large incidence angles. The absence of protons with energy
above the cut-off threshold observed in the case of S polar-
ization and flat targets suggests that the role of relativistic
J x B heating®' is negligible in the investigated regime of
laser intensity and plasma density.

IV. SIMULATION RESULTS

To go deeper into the interpretation of the increased
absorption due to the spheres layer, the trajectories of individ-
ual particles in PIC simulations (similar to those reported in
Ref. 13) have been studied. Specifically, we analyzed the tra-
jectories of 9000 electrons in 2D PIC simulations with a
dimensionless peak amplitude ay = 1.5 and density n, = 40n,
(corresponding to an intensity of 4.9 x 10'® Wem™2 and
n,=6.9x102 cm™> for A =0.8 yum). The simulation
considered a plane laser wave and stationary ions. According
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FIG. 4. 2D PIC simulations of electron trajectories for normal incidence
(ap = 1.5) and stationary ions. Color represents the relativistic gamma factor
of electrons. We considered a flat foil (a) and a MST with electrons leaving
from the front part of the sphere and going back into the same sphere (b), or
accelerated from the side part and re-entering the same sphere (c) or the
neighboring one (d).

to this analysis, we can distinguish three main components of
the population of electrons which are accelerated in MSTs.
The first one includes electrons that originate from the “top”
of the spheres (see Fig. 4(b)) and release the energy they gain
in the same sphere (releasing of energy is identified with re-
entering the target at high velocity, as in the simple picture of
the Brunel effect®®). Another fraction of accelerated electrons
comes from the side surface of spheres and re-enter into the
same sphere too (Fig. 4(c)). These two processes are quite
close to the corresponding mechanism observed in a flat foil at
normal and oblique incidence respectively and gather about
40% of the overall electron population. However, the observed
absorption increase is mainly due to the electrons accelerated
from the side of the spheres which deposit their energy in the
very neighboring sphere in half a laser period (Fig. 4(d)).
Indeed, these last electrons may deposit their energy after get-
ting the maximum acceleration and before being decelerated
by the second half laser period. As a consequence, if the dis-
tance between two spheres is either too large or too small, this
process shows a lower efficiency. This analysis of electron tra-
jectory may help to explain the stochastic heating which takes
place in the closely packed configuration of microspheres but
it does not exclude other efficient laser absorption mechanisms
with different electron trajectories if the separation distance
between spheres is larger.

It may be noticed that MSTs are represented in 2D simu-
lations as an array of adjacent, closely packed wires (3D
spheres become wires in 2D due to the translational invari-
ance in the direction normal to the simulation plane) with a
fixed distance between the centers and tips of all the spheres
(in other words the 2D system has a discrete translational
symmetry, with a period equal to the sphere/wire diameter).
Nonetheless, in a real target with an hexagonal MST layout,
the electrons traveling on a line parallel to the surface would
see a spatial periodicity equal to the size of the sphere only
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along a limited set of directions (the three axes of symmetry
passing through the midpoints of opposite sides and the cen-
ter of the hexagonal lattice; see Fig. 1). According to their
initial acceleration direction, electrons can cross a vacuum
region between any couple of spheres or take a path showing
an even more complicated periodicity of the system (dotted
and dashed-dotted lines respectively in Fig. 1). Thus, multi-
pass stochastic heating may behave differently in a real 3D
geometry (not computationally accessible at present) and the
acceleration dynamics may depend upon the angle between
the laser polarization and the lattice symmetry axis, which is
not controlled in the experiment.

V. CONCLUSIONS

In conclusion, an enhancement of the proton energy cut-
off has been observed in thick plastic targets covered with a
layer of microspheres, in broad agreement with previous
simulation results and independent measurements. However,
it has also been shown that the enhancement is not effective
at large incidence angles for thick substrates. The analysis of
electron trajectories in particle-in-cell simulations have high-
lighted their role in leading to absorption in a pattern of regu-
larly packed sphere.
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