Laser and Particle Beams (2012), 30, 307-311.
© Cambridge University Press, 2012 0263-0346/12 $20.00
doi:10.1017/50263034612000134

Improvement of proton energy in high-intensity

laser-nanobrush target interactions

JINQING YU,"? WEIMIN ZHOU,? XIAOLIN JIN,! LIHUA CAO,’> ZONGQING ZHAO,”> WEI HONG,?

BIN LL' anp YUQIU GU?
'University of Electronic Science and Technology of China, Chengdu, China

“Research Center of Laser Fusion, China Academy of Engineering Physics, Mianyang, China

*Institute of Applied Physics and Computational Mathematics, Beijing, China.

(Recevep 8 September 2011; Acceptep 13 February 2012)

Abstract

In order to improve the total laser-proton energy conversion efficiency, a nanobrush target is proposed for proton
acceleration and investigated by two-dimensional particle-in-cell simulation. The simulation results show that the
nanobrush target significantly enhances the energy and number of hot electrons through the target rear side. Compared
with plain target, the sheath field on the rear surface is increased near 100% and the total laser-proton energy conversion
efficiency is prompted more than 70%. Furthermore, the proton divergence angle is less than 30° by using nanobrush
target. The proposed target may serve as a new method to increase the energy conversion efficiency from laser to protons.
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1. INTRODUCTION

When an ultra-intense laser pulse irradiates on a solid target,
relativistic electrons are generated at the interface (Cai et al.,
2009). The hot electrons move forward through the plasma-
vacuum interface and create a space-charge field in the target
rear side. The strong electrostatic field plumbs to the rear and
accelerates protons to high energies. This mechanism is well
known as “target normal sheath acceleration” (TNSA) (Wilks
et al., 2001). The TNSA is one of the major proton accelera-
tion mechanisms. Laser-plasma driven proton beam has sig-
nificant and peculiar characteristics, and is widely used in
diagnostics of high energy density physics (Borghesi et al.,
2002; Li et al., 2009, 2008; Romagnani et al., 2008), inertial
confinement fusion (Roth et al., 2001; Deutsch, 2003), and
other fields (Limpouch et al., 2008; Andreev et al., 2009; Of-
fermann et al., 2009). Actually, the energy-conversion effi-
ciency from laser to proton is very low. One of the major
reasons is that a significant part of laser energy is reflected
by the surface of thin-foil target (Nodera et al., 2008).
Some novel structured targets have been proposed to
reduce the reflection and enhance the absorption of intense
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short-pulse laser, including sub-wavelength nano-layered
target (Cao et al, 2010a, 2010b; Ji et al., 2010; Zhao
et al., 2010), sub-\ gratings (Kahaly et al., 2008), nano-
structured “velvet” targets (Kulcsar et al., 2000), and micro-
structured targets (Klimo et al., 2011). A monolayer of
polystyrene microspheres of a size similar to the laser wave-
length on the front surface of a thin foil has been proposed to
construct the target for ion acceleration experiments (Klimo
et al., 2011). The reflection of the laser energy can be re-
duced and the absorption can be increased by using the
target with sub-wavelength nanolayered front. The laser
energy absorption can reach near-100% in the scheme of
sub-\ gratings (Kahaly er al, 2008). By using the sub-
wavelength nanolayered target (Cao et al., 2010a, 2010b),
the absorption of laser energy can reach more than 80%
and the reflection is less than 10%.

In this paper, a nanobrush target is proposed to accelerate
proton and improve the quantity of accelerated protons. Since
the sub-wavelength nanolayered structure is beneficial in en-
hancing the laser absorption, decreasing the divergence of
hot electron, and increasing the yield of forward hot electron
(Cao et al., 2010a). The nanobrush target is consisted of a
sub-wavelength nanolayered adhibitted to the front of a
plain targets. The proton acceleration is investigated by two-
dimensional particle-in-cell code Flips2d, which has been
successfully used to investigate the laser-plasma interactions
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(Zhou et al., 2008, 2010). The simulation results show that
the number of hot electron through the rear side of the
target and the sheath field there can be enhanced significantly
by using the nanobrush target. Compared with the plain
target, the total laser-proton energy conversion efficiency
can be enhanced more than 70% and the proton divergence
angle is less than 30°. This paper is organized as follows.
In Section 2, the simulation model is introduced and the
simulation results of the two targets will be presented in Sec-
tion 3. The results are finally summarized in Section 4.

2. SIMULATION MODEL

The scale of simulation box used here is X; X Y; = 50\g X
30M\o, the time step is chosen as 0.01257, the simulation dur-
ation is 200t and the grid sizes are AX = AY = 0.025),
where T and A\p = 1.06 um are the period and wavelength
of laser pulse, respectively. We considered a laser pulse
with Gaussian profile in the y direction. A p-polarized laser
pulse with a focal spot of 4\, introduces along the axis
from the left. The pulse shape in the x direction is assumed
to rise up to the peak intensity in 51, maintain at the peak in-
tensity for 207, and then fall down to zero in another 5t. The
peak intensity is I, = 3.5 x 10" W/cm? The initial tempera-
tures of electrons and ions are both 1.0 keV. A plain target
and a nanobrush target are schemed in Figure 1. The plain
target is 1.0\q length 8.0\y wide. In the case of nanobrush
target, the plain target is 0.5\ in length 8.0\ ;, wide, and
a 0.5\ length nanolayered target is adhibitted to the front
of the plain target. The plain target is used to support the na-
nolayered target and adjust the state of hot electrons beams
through the rear. The width and the interlayer vacuum spa-
cing of the nanolayered target are 0.1\y and 0.4\, respect-
ively. The width of the layer and the interlayer vacuum
spacing are considered to be the optimization for achieving
small reflectivity and large absorptive (Cao et al., 2010a).
The hydrogen targets with 0.2\, thick and 4\, wide are ad-
hibitted to the backs of high-Z material targets. Both the
plain target and the nanobrush target of high-Z material are

B High-Z material
I Hydrogen
a) b)

Fig. 1. (Color online) Target configurations, (a) the plain target, (b) the na-
nobrush target. The plain target and the nanobrush target are high-Z material
with the density of 20n,, but the density of the hydrogen layers is 7.
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assumed to AI’" plasma with the density of 20n,, where 7,
is the critical density, which is related to the frequency of
the laser as n. = m,w/4me’. The density of the hydrogen
layer is n.. The number of the particle per cell is 225 electrons
and 25 ions for high-Z material, 225 electrons and 225 pro-
tons for hydrogen layer. In the following description, the nor-
malized electron field and magnetic field are given.

3. NUMERICAL SIMULATION RESULT

The peak value of the electrostatic charge-separation field in
the target rear side can be described as E = /2kzT,/e\p
(Mora et al., 2003, 2005), where kg is Boltzmann constant,
T, is electron temperature, and A, is the electron Debye
length in the rear surface, and e denotes the numerical con-
stant. The relation between Ap, and the initial Debye length
Apo 1S Ao = Apo (neo/n.)'’?, where n,o and n, are electron
density in the unperturbed and on the rear, respectively.
Thus we can obtain E oc n},,/ 2, which implies that the electric
field can be enhanced by increasing 7,.

Figure 2 shows the energy spectrums of hot electrons of
the plain target and the nanobrush target in 60t. Only the
hot electrons (0.5 MeV-5.0 MeV) with forward velocity
through the rear side are included. One can see that larger
number of hotter electrons can be achieved by using the na-
nobrush target, which will result in the enhancement of the
sheath field in the target rear surface.

From the above result, the number of hot electrons 7, pas-
sing through the rear surface can be enhanced by using the
nanobrush target. From the relation of E oc né/ 2, the sheath
field in the rear surface will be enhanced as the encroachment
of n,. Figure 3a shows the sheath field distribution in the y
direction 0.0125\ beyond the rear surface of the two targets
at 401. One can see that the sheath field has been enhanced
near a time by using the nanobrush target. Figure 3b shows
the Ex-distribution in the x direction of the two targets at
40t. The peak value of the electrostatic charge-separation
field on the target rear has also been enhanced a times.
From the above analysis and the simulation results, it is ob-
served that the sheath field of the nanobrush target is larger
than that of the plain target.
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Fig. 2. (Color online) Energy spectrums of hot electrons through the rear

sides of the two targets. Only the hot electrons (0.5 MeV-5.0 MeV) with for-
ward velocity through the rear surface in 60t are included.
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Fig. 3. (Color online) The electric field Ex distributions at 40t: (a) sheath
field distribution in y direction 0.0125)\, beyond the rear surfaces of the
two targets; (b) Ex distribution on the laser axis.

Now we are concentrating to investigate the energy con-
version from the laser to the protons. Figure 4 shows the
time dependence of the total-energy of protons for these
two kinds of targets. It is shown that the proton total-energy
peaks at the time of 1601, and the total laser-proton energy
conversion efficiency can be enhanced more than 70% com-
pared with the plain target. It is resulted from both the high
efficient absorption and the enhancement of electrostatic
field in the target rear side.

Figure 5 shows the proton kinetic energy distributions of
the two targets at the time of 160t. The maximum and mini-
mum proton energies are, respectively, 20.2 MeV and 3.5
MeV in the case of the nanobrush target, but they are 16.1
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Fig. 4. (Color online) Total-energy histories of protons, the proton
total-energy can reach the peak value at 160t.
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Fig. 5. (Color online) Proton kinetic energy distributions of the two targets
at time of 160t. The average proton energies are 9.66 MeV for the nanobrush
target and 7.24 MeV for the plain target, respectively.
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Fig. 6. The relation between proton energy and divergence angle at 160t.
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Fig. 7. Proton divergence angle of nanobrush target at 160t. The divergence
angle is 29.52°.

MeV and 2.0 MeV under the condition of the plain target.
Furthermore, the average proton energies can be estimated
to be 9.66 MeV for the nanobrush target and 7.24 MeV for
the plain target. It means the average proton energy has
been enhanced more than 70% by using the nanobrush target.

We now discuss the divergence of the accelerated protons.
Figure 6 shows the relation between proton energy and diver-
gence angle at the time of 160t. It is shown that the higher
energy the protons have the smaller divergence angle the
protons achieve. Figure 7 shows the divergence angle
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Fig. 8. Dependence of the proton total-energy on the length of the nano-
layered target and plain target, the value of 1 denotes the case of the nano-
brush target with 0.5\, length nanolayered target and 0.5\, length plain
target, (a) the relation between the proton total-energy and the length of na-
nolayered target with the length of the plain target to be 0.5\, (b) the relation
of the proton total-energy and the plain target with 0.5\, length of nano-
layered target.

distribution of the protons in the transverse direction of nano-
brush target at the time of 1607, from which we can get a di-
vergence angle of Opwm = 29.52°.

Figure 8 shows the dependence of the proton total-energy
on the length of the nanolayered target and plain target. The
value of 1 is the case that the proton total-energy of the nano-
brush target with the lengths of the nanolayered target and
the plain target are both 0.5\y. In Figure 8a, one can see
that the effect of the length of nanolayered target on the
proton total-energy is very weak with the length between
0.1)\g and 0.7\,. If the length is shorter or longer, the effect
will become very strong. From Figure 8b, we can find that
the proton total-energy dependences on the length plain
very significant and can be enhanced about 28% with the
plain target of 0.7\,.

4. CONCLUSION

A nanobrush target is proposed to improve the laser-proton
energy conversion efficiency. Two-dimensional particle-
in-cell simulation results show that larger number of the
hot electrons through the rear surface can be achieved by
using the nanobrush target compared with plain target. The
peak value of the electrostatic charge-separation field in the
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target rear side is related to the number of hot electrons
through the rear surface. Compared with the plain target,
the field increases several times since more electrons carrying
larger energies pass through the rear side. By optimizing the
sizes of the nanolayered target, the average proton energy can
be enhanced more than 70% and the total laser-proton energy
conversion efficiency can also be enhanced more than 70%.
In addition, the proton divergence angle is less than 30°.
With the proposed nanobrush target, more energetic protons
with smaller divergence can be generated more efficiently. It
can thus be useful as a source of collimated protons for var-
ious applications.
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