Proton beams from intense laser-solid interaction: effects of the target materials
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We report systematic studies of the laser-driven proton beams produced with micron-thick solid
targets made of aluminum and plastic, respectively. Distinct effects of the target materials are
found on the total charge, cut-off energies and spot sizes of protons in the experiments, which
are well reveal by two dimensional particle-in-cell simulations including both ionization dynamics
and collision dynamics for different material properties. It is found that with a laser intensity of
8 x 10" W/ cm®, the target normal sheath acceleration is dominant for both targets. The higher
charge and cut-off energy of the protons from the plastic targets are due to the higher energy
coupling efficiencies from the intense laser beams. Large spot sizes of the protons from the plastic
targets are due to the deflection of hot electrons when transporting in targets. The cut-off energies
of protons are decreased when increasing the target thickness, and this is due to the energy loss of
hot electrons when transporting in targets. The consistent results further narrow the gap between
the simulation and the experiment in reality.

PACS numbers: 52.38.Kd, 41.75.Jv, 52.35.Mw, 52.59.-f

Introduction In the last few decades laser driven pro-
ton acceleration [1-4] has been explored widely because
of its potential applications [5-10] in medicine, material
processing, radiograph and high energy density physics.
These beams often exhibit unique properties, such as high
brightness, short duration and low emittance. One of the
well-established and robust mechanisms for proton accel-
erations is the so-called target normal sheath accelera-
tion [1]. In this mechanism, protons are accelerated from
the target rear by a strong sheath electric field (TV/m)
built by the expansion of intense energetic-electrons orig-
inally generated in front of the target and then transport
through the target.

The investigations of the target materials on proton
acceleration has been extensively studied in the past
decades. For example, it was experimentally demon-
strated that protons from the thin solid plastic targets
were higher in cut-off energies and charge as compared
with those generated from the aluminum targets, when
irradiated by laser pulse with an intensity of ~ 10'®
W/ecm? [11]. To explain the experiment result, an an-
alytical model that include some material properties had
been established, which suggests that the proton acceler-
ation is enhanced by a resistively induced electric field in
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the front of the plastic target [11-13]. In the mean time,
the transport of hot electrons within plastic target is sig-
nificantly inhibited and filamented, consequently induces
uniformity on the profile of the protons. It was observed
in the experiments [14, 15] and then confirmed by a dif-
ferent concept of PIC code [16] based on a hierarchical
N-body tree algorithm. The previous researches are suc-
cessful in explaining each single aspect, for instance, why
the proton beam from the plastic target has either high
energy or a uniform spot.

However, in order to fully understand the effect of
the target material properties on proton acceleration,
a full simulation model shall include ionization dynam-
ics [17, 18], collision dynamics [19, 20], degenerate plas-
mas states [21, 22] and collective electromagnetic fields
[23-25], which is not available so far. Recently, a new
particle-in-cell (PIC) code has been developed, which is
based on high order implicit numerical scheme [26] and
takes advantage of the newly developed ionization [27, 28]
and collision [29] dynamics models. This code enables
us to calculate coupled atomic and plasma processes for
solid density targets in a more realistic way. Within the
simulations, the ionization charge state and conductivity
(or resistivity) of the target can self-consistent evolve pre-
cisely according to the local plasma and electromagnetic
fields conditions. Different types of materials (single or
alloys), such as aluminum and plastics, can now be mod-
elled based on their intrinsic atomic properties.

In this Letter, the effects of target materials on laser-
driven proton accelerations are investigated, where solid
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FIG. 1. (Top, left) Experimental setup. (a) The variation of the cut-off energy of protons with the target thickness. Here
diamonds are from the 5 best shots average in experiments and triangles are from PIC simulations. (b) The optimum energy
spectra of protons for aluminum and plastic targets detected by the Thomson spectrometer. (c)-(d) and (e)-(h) the energy-
resolved spatial distributions of proton beams detected by the RCF stack for the 2.5 pm aluminum and the 1.2 pm plastic
targets. The white circles indicate the position of protons with a deflection angle of 14°.

targets of aluminum and plastic with varying thickness
are applied. Experimental measurements indicate that
total charge and cut-off energies of the protons from
the plastic targets are much higher than those from alu-
minum targets, and the proton beam from plastic tar-
gets has a uniform spot. Moreover, the cut-off energies
of protons is decreased by furthering increasing of tar-
get thickness. These findings are well elucidated by the
newly developed PIC simulation code.

Ezxperimental setup The experiments were performed
at the Laboratory for Compact LAser Plasma Acceler-
ator (CLAPA) at Peking University. An f/3.5 off-axis
parabola (OAP) mirror was used to focus the 30 fs dura-
tion and 800 nm wavelength pulses to a full-width-half-
maximum (FWHM) focal spot of 5 pm in diameter, con-
taining 30% of the total laser energy (about 1.8 J), and
corresponding to intensity of ~ 8.3 x 10*® W/cm?. The p
polarized pulses are incident onto different targets (alu-
minum or plastic) with various thicknesses at 30° with
respect to the target normal. A cross-polarized wave
(XPW) [30] filter was introduced to enhance the intensity
contrast to a ratio of 10719 at 40 ps prior to the peak of
laser intensity. Figure 1 (top-left) is the schematic of the
experiment setup. A Thomson parabola spectrometer
(TPS) located at the back of the targets with an accep-
tance angle of 1.6 uSr was applied to record the spec-
tra of protons. A multi-channel plate with a phosphor
screen and a 16-bit electron multiplying charged-coupled
device were used to enhance the parabolic ion traces. In
addition, energy-resolved spatial distributions of proton
beams were also recorded by an attached radiochromic
files (RCF) stacks [31].

Ezperimental results Figure 1(a) displays the cut-off
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FIG. 2. (color online) The energy (transfer) as a function

of time. Data are shown for laser energy entering into the
simulation box (black), electromagnetic energy (red), electron
kinetic energy (green) and ion kinetic energy (blue). The
results from plastic targets (dashed lines) are compared with
those from aluminum targets (solid lines). Here, the thickness
is 1.2 pm for both aluminum and plastic targets.

energies of protons as a function of target thickness,
where the laser parameters and target materials are fixed,
and the values of cut-off energies are obtained by aver-
aging over the 5 best shorts for each target with same
thickness. Fig. 1(b) shows the optimum proton spectra
obtained for the two types of targets. As seen from the
figure, the aluminum target appears an optimal thickness
at 2.5 pm. For target with thinner thickness, it is easily
broken or distorted by the laser pre-pulse, significantly
preventing the acceleration process. In contrast, for a
thicker target above the optimal thickness, the reduced
cut-off energy is found. Similar trend is shown for plastic
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FIG. 3. (color online) (a)-(b) Electromagnetic energy densi-
ties for aluminum and plastic targets at ¢t = 53 fs (i.e., 207p).
The solid lines indicate the initial positions of the solid tar-
gets and the dashed lines mark the fronts of preplasma. The
thickness is 1.2 pm for both targets.

targets, although the exact optimum thickness maybe has
not be scanned yet due to the thickness gap between 2 pm
and 8 pm thickness (limited by the target making tech-
nology). Nevertheless, for a large range of target thick-
ness, the cut-off energies from plastic targets are always
much higher than that from aluminum. The optimal cut-
off energy are 9.5 MeV and 13.5 MeV for aluminum and
plastic targets, as shown in Fig. 1(b). It is also note that
the total charge of the proton from the plastic target is
significantly higher than that from the aluminum, with
a 2.9 times increase in terms of the total energy (integral
of the spectra in Fig. 1(b)). Furthermore, in Fig. 1(c)-
1(h), energy-resolved spatial distributions of protons are
presented for 2.5 ym aluminum and 1.2 um plastic tar-
gets, respectively. The latter has a larger beam spot.
By collecting the above experimental data, we can there-
fore draw the following conclusions: a) total charge and
cut-off energies from plastic targets are higher than that
from aluminum targets; b) uniformity of proton beam
from plastic targets are better than that from aluminum
targets; Although conclusion a) was already reported in
existing studies [11, 12], and conclusion b) is also consis-
tent with existing work [14-16], previous interpretations
are successful in explaining each single aspect.
Simulation setups In order to analyse the experiments,
we carried out numerical simulations with the PIC code
LAPINS [26, 32, 33]. This code is based on a high order
implicit numerical scheme, and takes advantage of the
newly developed ionization and collision dynamics mod-
els. This code enables us to calculate coupled atomic
and plasma processes for solid density targets in a more
realistic way. Although with improved laser contrast by
the XPW, we still need to deal with the pre-plasma ex-
pansion caused by ps lasting pre-pulse carefully. By per-
forming radiation hydrodynamic simulation, the expan-
sion caused by the ps pre-pluse is calculated. A small re-
gion of pre-plasma with sharp gradient 0.1 ym is formed.
In the following PIC simulation, the target is modelled
as a uniform slab with the pre-plasma. In order to figure
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FIG. 4. (color online) (a)-(b) and (c)-(d), the kinetic energy
distributions of the electrons for the aluminum and plastic
targets with same thickness of 8 um, at ¢ = 53 fs (i.e., 207p)
and ¢t = 80 fs (i.e., 307p).

out the effects of material property, aluminum (density
of 2.7 g/cm?) and plastic (density of 1.186 g/cm?® with
C:H:0=>5:8:52) target with same thickness (several mi-
crometers) and fixed pre-plasmas are applied. The sim-
ulations were carried out in the Z-Y Cartesian geome-
try. The size of the box is chosen to be Z (40 pm)xY
(40 pm), which is divided into 2000 x 2000 uniform grids.
The contamination is modelled as a hydrogen layer with
thickness of 0.1 ym and density of 10! /cm? on the back-
side for both aluminum and plastic targets, respectively.
The initial temperature of the solid targets is chosen to
be 0.1 eV. The initial ionization degree is set at Z = 3
for aluminum and Z = 0 for plastic. Afterward, the ion-
ization is fully determined by the competition between
field ionization, collision ionization and recombinations.
The p polarized laser pulse is irradiated on the target
with a fixed angle of 30 degree with respect to the tar-
get normal. The laser pulse has a predefined profile of
form exp(—r2/r2) sin?(wt/270), with ro = 3\g, 70 = 5T
where Ty is the laser cycle. The central wavelength
of the laser is 0.8 pum and the normalized amplitude
a = eE/mewoc = 8, where wg = 27/Ty. In the Z and
Y directions, absorbing boundary conditions are applied
for both particles and laser field.

Simulation results Figure 2 shows the temporal evolu-
tion of energy (transfer) into the simulation box, includ-
ing laser energy entering (black), electromagnetic field
energy (red), electron kinetic energy (green), and the
ion kinetic energy (blue), which are represented by Epyy,
Fom, Fele and Ej,y, repetitively. Based on their time
evolution, we obtain further insights into the whole laser
solid interaction processes. The laser energy enters into
the simulation box is calculated as Epyt = > (E x B)dydt,
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FIG. 5. (color online) The spatial distribution of proton ener-
gies for the aluminum and plastic targets, at t = 320 fs (i.e.,
1207y), respectively.

where 0t is the time step of the simulation box. Epy
first increases and arrives at a constant value at ¢ = 25
fs, when the whole laser is entirely injected into the sim-
ulation box. Afterward till ¢ = 75 fs, we find that there
is a strong energy transfer from the electromagnetic en-
ergy Fem to the electron-kinetic energy FEej. and then to
the ion-kinetic energy Ejon, and to which we briefly re-
fer as the laser plasma interaction stage in front of the
target. In this stage, the efficiency for coupling the en-
ergy from laser to plastic is significantly higher than to
aluminum. At ¢ = 75 fs, K starts to decrease, mean-
ing the reflected laser is leaving the simulation box. The
quicker drop of Iyt shows the reflection ratio of the alu-
minum is significantly higher than for the plastic. After
t = 100 fs, when the main body of the laser pulse is re-
flected back, we can still notice a gradual energy transfer
from electrons to ions, which is referred to as the thermal
expansion stage and target normal sheath acceleration.

In Fig. 3, the electromagnetic energy densities are pre-
sented for both aluminum and plastic targets with thick-
ness of 1.2 um. The snapshot is taken at t = 53 fs—a
typical time within the laser plasma interaction window
(from ¢t = 25 fs to t = 75 fs). It appears that the penetra-
tion depth within the plastic is larger than of aluminum.
A deeper penetration will significantly enhance efficiency
of energy transfer from laser to plasmas, through various
mechanisms [36-38], typically including J x B mecha-
nism, vacuum heating, direct laser accelerations. The
possible reason is the lower electron density for fully ion-
ized plastic than that of aluminum.

Figure 4 presents the kinetic energy densities of elec-
trons, indicating the transport process of hot electrons
within the solids. Although breakdown of plastic might
happen by the pre-pulse (currently beyond the capa-
bilities of radiation hydrodynamic simulations), as an

initial insulator, the resistivity of plastic target is very
large compared with aluminum target. According to the
Ohm’s law E = nJ., where n is the resistivity of the
bulk target and J. is the current density of electrons, an
intense resistive electric field will inhibit the transport of
hot electrons. As shown in Fig. 4, when compared with
aluminum targets [See Fig. 4(a) and (b)], the inhibition
and deflection of hot electron transport in plastic tar-
gets [See Fig. 4(c) and (d)] lead to a larger hot electron
spot. The divergent transport of hot electrons will lead
to a larger spatial spot of accelerated proton beams, since
they are mainly accelerated by the expansion of hot elec-
trons on the backside of the target. Moreover, we found
the electron energy density is significantly decreased dur-
ing the transport in both aluminum and plastic target.
This is due to the energy deposition and energy losses
of hot electrons during transport. By further increas-
ing target thickness, the cut-off energies of protons will
accordingly decreased.

In Fig. 5, the spatial energy distribution of proton for
aluminum and plastic targets are presented at 320 fs, the
end of simulation when acceleration reaches saturations.
Compared with Fig. 1, remarkable agreement is found
between simulation and experiment on both energies and
spot uniformity. Please note that the energetic protons
are from the rear contamination at the back surface for
both types of target. This is different from the existing
work [11-13] which assume protons are accelerated by
the resistive electric field for plastic targets. Our research
indicate that the energy conversion efficiency determined
by the target material properties is the key parameter.

Conclusions To summarize, we report experimental
and numerical simulation investigations of laser-driven
proton accelerations under two solid materials: alu-
minum as a typical conductor and plastic as a typical
insulator. Significant effects of target materials are found
on the total charge, cut-off energies and beam spot sizes
of protons. Generally the plastic target produces pro-
ton beams with higher charge, larger cut-off energy, and
better beam uniformity than the aluminum target under
the same thickness with same laser conditions. Two di-
mensional particle-in-cell simulations well elucidate the
dependence of the target material on the laser-driven ac-
celeration of protons by including both ionization dynam-
ics and collision dynamics. This work indicate that the
simulation should probably better use laser-solid inter-
action models instead of pure laser-plasma interaction in
order to be closer to the experiment.
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