
Research Article
Enhanced Proton Acceleration by Laser-Driven Collisionless
Shock in the Near-Critical Density Target Embedding with
Solid Nanolayers

Yue Chao ,1 Xinxin Yan ,1 Rui Xie ,1 Lihua Cao ,2,3 Chunyang Zheng,2,3

Zhanjun Liu,2,3 and Xiantu He2,3

1Center for Applied Physics and Technology, HEDPS, School of Physics and College of Engineering, Peking University,
Beijing 100871, China
2Institute of Applied Physics and Computational Mathematics, Beijing 100094, China
3Center for Applied Physics and Technology, HEDPS and College of Engineering, Peking University, Beijing 100871, China

Correspondence should be addressed to Yue Chao; litterel@pku.edu.cn and Lihua Cao; cao_lihua@iapcm.ac.cn

Received 23 April 2021; Revised 5 June 2021; Accepted 21 June 2021; Published 25 June 2021

Academic Editor: Dimitri Batani

Copyright © 2021 Yue Chao et al. )is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Effects of solid nanolayers embedded in a near-critical density plasma on the laser-driven collisionless shock acceleration are
investigated by using two-dimensional particle-in-cell simulations. Due to the interaction of nanolayers and the incident laser, an
additional number of hot electrons are generated and an inhomogeneous magnetic field is induced. As a result, the collisionless
shock is reinforced within the nanolayer gaps compared to the target without the structured nanolayers. When the laser intensity
is 9.8 × 1019 W/cm2, the amplitude of the electrostatic field is increased by 30% and the shock velocity is increased from 0.079c to
0.091c, leading to an enhancement of the peak energy and the cutoff energy of accelerated protons, from 6.9MeV to 9.1MeV and
12.2MeV to 20.0MeV, respectively. Furthermore, the effects of the width of the nanolayer gaps are studied, by adjusting the gap
width of nanolayers, and optimal nanolayer setups for collisionless shock acceleration can be acquired.

1. Introduction

Ion acceleration via laser-plasma interaction [1] has attracted
extensive attention with the rapid development of ultrashort,
ultraintense laser technology in recent decades. For its unique
characteristics such as high energy and small divergence [2], it
has potential scientific applications in a variety of aspects such as
inertial confinement fusion (ICF) [3–6], tumor therapy [7, 8],
and proton imaging [9, 10]. Several mechanisms for laser-
driven ion acceleration have been proposed and observed ex-
perimentally over the past decades, including target normal
sheath acceleration (TNSA) [11, 12], radiation pressure accel-
eration (RPA) [13–15], break-out afterburner (BOA) [16, 17],
magnetic vortex acceleration (MVA) [18, 19], and collisionless
shock acceleration (CSA) [20–22]. Among them, the RPA and
CSA mechanisms have the potential in generating high-energy
and quasimonoenergetic ion beams. However, because of the

extreme laser conditions required such as ultrahigh intensity
and ultrahigh contrast, the evidence for RPA is scant in ex-
periments. Comparatively, CSA is easier to perform and has
been reported recently in experiments [23, 24]. In laser-driven
CSA, the laser pulse launches a collisionless electrostatic shock
in the plasmas by radiation pressure. As the shock propagates
forward, it reflects a portion of the background ions to ap-
proximately twice the shock velocity due to the strong elec-
trostatic field associated with the shock front. For ions to be
reflected, their initial velocity in the shock frame should satisfy
[25] 1/2miu

2 < eϕ, whereϕ is the potential corresponding to the
electrostatic field in the shock front and mi is the mass of the
ion. )us, the energy of reflected ions is strongly dependent on
the shock strength. To improve the quality of the CSA, Zhang
et al. [26] have proposed to externally apply a strong transverse
magnetic field (about 2 ∼ 10 kT) to the plasmas. )is field
influences the transportation of hot electrons by inhibiting their
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expansion in the longitudinal direction. As more hot electrons
are confined near the shock front region, the shock strength is
enhanced due to the increased thermal pressure. )erefore, the
energy of accelerated ions is greatly enhanced. However, a
uniform and stable external magnetic field of such a high in-
tensity is not easy to generate in experiments. Recentworks have
shown that the nanostructured targets are capable of generating
magnetic fields of over 10kT in both simulations and experi-
ments [27–29]. Besides, the nanostructured targets are much
more efficient in laser absorption and hot electron generation
compared with planar targets [30–32]. As more hot electrons
are generated and collimated inside the gaps of the nano-
structured targets, it has the potential advantages for the sub-
sequent ion acceleration. For example, enhanced target normal
sheath acceleration in nanostructured targets has been reported
to greatly enhance the quality of the ion beam in both simu-
lations [33–35] and experiments [36, 37]. At the same time, with
the development of surface microtechnology, many novel
targets with nanostructures are realized in experiments, such as
subwavelength gratings [38], metal nanobrushes [39, 40], and
silicon and oxide nanowires [41, 42]. With these technological
advances, even more complex nanostructured targets could be
feasible in the future.

In this study, we investigate the scheme for enhancing
CSA with a solid nanolayered target embedding in the near-
critical plasmas. )e fabrication of such a target in the
experiment could possibly be realized by inserting the
nanolayers in a porous foam target [43]. An intense laser
drives the near-critical plasma filled in the gaps of the
nanolayers to form a stable collisionless shock as in the
regular CSA. Due to the nanolayers, electrons of high density
within the mare are heated and dragged out by lasers, giving
a contribution to the generation of more hot electrons. Also,
the current generated along the surface of the nanolayers
induces a strong transverse magnetic field in the near-critical
plasma in the gaps. )is field acts like a stable external field,
inhibiting the longitudinal propagation of hot electrons and
focusing them near the shock front. Both effects contribute
to the strength of the collisionless shock, leading to an
enhancement of the CSA. )e effects of the nanolayers on
the CSA are studied via two-dimensional particle-in-cell
(PIC) simulations, and cases of near-critical plasmas with or
without nanolayers are carried out and compared to dem-
onstrate the enhancement of CSA. Simulation results verify
the enhancement of proton acceleration, and both the peak
energy and cutoff energy for accelerated protons are in-
creased in the case with nanolayers.

)is paper is organized as follows. In Section 2, the target
setup and simulation parameters are presented. In Section 3,
the dynamics and enhancement of CSA are analyzed in
detail. In addition, the effect of nanolayers width on CSA is
discussed. Section 4 is the conclusion and summary.

2. Simulation Setup

To study the effect of the nanolayered target (NLT) on CSA,
two-dimensional simulations are carried out with 2D3V PIC
codes EPOCH [44]. In the simulation, a circularly polarized
laser pulse with wavelength λ0 � 1 μm propagating in the x-

direction from the left boundary of the simulation box is
incident normally on the target [24]. Its transverse profile is
Gaussian, i.e., I(r) � I0 exp(−r2/r20), with a focal spot radius
of r0 � 15 μm and a peak intensity I0 � 9.8 × 1019 W/cm2,
corresponding to a normalized amplitude a0 � 6 for the
circularly polarized laser. )e temporal profile is flat-topped
with duration τ � 150T0, where T0 � 3.3fs is the laser
period. For simplicity of analyzing, the NLT is modeled by
an array of thin plasma layers with spacing embedded in the
homogeneous near-critical H+ plasma with a density of 8 ncr,
where ncr � 1.1 × 1021cm− 3 is the critical density. )e
nanolayers are assumed to be preionized Au50+ plasma with
an electron density of 50 ncr, and they are set immobile in the
simulations. Considering the conversion efficiency from
laser to hot electrons, a subwavelength nanolayered target is
used [45]. Its dimensions are as follows: layer width
d1 � 0.4 μm, length l1 � 30 μm, and the distance between the
centers of two neighboring layers d2 � 5 μm. )e size of the
simulation box is lx × ly � 40 μm × 30 μm with 2000 × 1500
grid cells and a time step τ � 0.01T0, and each cell contains
40 particles. Periodic boundary conditions are used in the
transverse direction and the nanolayered target is placed in
the region of 5 μm< x< 35 μm. Considering that there might
be anomalous fields near the boundary, we only take the
region of −10 μm<y< 10 μm into analysis. For comparison,
the case of a planar target (PT) without nanolayers is also
considered, where the same laser and plasma parameters are
used. To illustrate, the configurations of both targets are
sketched in Figure 1. It is worth noticing that our scheme is
different from the scheme proposed by He et al. [46], in
which the near-critical plasmas are confined by a thick Au50+
tube. )e tube confines the transverse expansion of the hot
electrons via the induced electric field. However, in our
cases, the incident laser has a large focal spot radius and the
transverse expansion is negligible.

3. Enhancement of the Laser-Driven CSA

In the laser-driven CSA regime, due to the strong radiation
pressure of the incident laser exerted on plasmas, electrons
and ions are piled up through the hole-boring effect, forming
a density spike moving forward along the longitudinal di-
rection. )e laser pulse acts like a piston, pushing the dis-
turbed plasma spike to flow into the undisturbed upstream
region. )e hole-boring velocity can be estimated [47] as
vHB � (I/minic

3)1/2, where c is the light speed in vacuum, ni

is the density of the ion, I is the intensity of the incident laser,
and mi is the mass of the ion.

For the parameters in our cases, the hole-boring velocity
is vHB ≈ 0.05 c. Figure 2 shows the proton density distri-
butions at a different time for the PT (Figures 2(a) and 2(b))
and the NLT (Figures 2(c) and 2(d)). Density spikes of over
30 ncr can be observed in both cases and they are drifting to
the lower density upstream region. )e density ratio of
disturbed downstream density spike to the undisturbed
upstream plasmas can be obtained from Figure 2, being
approximately η � (ndown/nup) ≈ (30 ncr/8 ncr) � 3.8. Fur-
thermore, a significant number of hot electrons are gener-
ated to heat the plasma volume by the laser pulse. Figure 3(a)
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Figure 1: Target configurations of (a) the NLT and (b) the PT. )e NLT consists of near-critical hydrogen plasmas and embedding
preionized Au50+ nanolayers.
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Figure 3: (a) Energy spectrum of electrons at t � 100T0 for the PT (red line) and the NLT (blue line). )e hot electron number for the PT is
more than that for the NLT, but the temperature for both cases is almost the same as Te ≈ 3.7MeV. Energy densities of the two different
electrons from the near-critical plasmas (b) and from the nanolayers (c) at t � 100T0.
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Figure 2: Snapshots and longitudinal density profiles (black dashed lines) of the proton densities at t � 100T0 for (a) the PTand (c) the NLT
and at t � 150T0 for (b) the PT and (d) the NLT. )e density peak is approximately 30 ncr and the density of undisturbed plasmas in the
upstream region is 8 ncr.
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presents the electron energy spectrum at t � 100T0. )ere
are hot electrons ranging from 10MeV to 30MeV and more
hot electrons are generated in the NLTdue to the nanolayers.
By fitting the curves with Maxwellian distribution, the slope
of the fitted line gives the hot electron temperature
Thot ≈ 3.7MeV in both cases, and ion acoustic speed is
estimated as cs �

�������
kBTe/mi


≈ 0.06c. Figures 3(b) and 3(c)

show the hot electrons from the near-critical plasmas and
the nanolayers, respectively. It can be seen that electrons
from the nanolayers also contribute to the hot electron
generation near the shock front. In Figure 4, the snapshots of
longitudinal momentum phase space of protons at
t � 100T0 (Figures 4(a) and 4(b)) and t � 150T0
(Figures 4(c) and 4(d)) are presented. )e phase space
distributions show a significant structure of a typical col-
lisionless shock [48]. As labeled in Figure 4(a), the shock
velocity is estimated as vsh � 0.08 c, with a corresponding
Mach number Msh ≈ 1.4, which is approximately the critical
Mach number for ion reflection [25] Mcr ≈ 1.4. )ere are a
bunch of reflected protons in the upstream region, and their
velocity is approximately twice the shock velocity. Both cases
at different times show similar phase space structures and
reflected protons. It is worth noticing that the shock velocity
and the momentum of reflected protons are significantly
increased in the NLT.

To obtain the precise shock velocity, the time evolution
of the longitudinal electrostatic field is presented in Figure 5
for the PT (Figure 5(a)) and the NLT (Figure 5(b)), re-
spectively. It can be observed that collisionless shocks are
launched at approximately t � 50T0 in both cases. )e black
dashed and dotted lines mark the positions of the peak value.
)e shock propagates forward at a stable speed after its
formation. )e reciprocal of the slope of the line gives the
velocity of the shock. For the PT, the shock velocity can be
estimated from Figure 5(a) as vsh � 0.079 c, while for the
NLT in Figure 5(b), the shock velocity is vsh � 0.091 c, as
much as 25% higher compared to the former. It is worth
noticing that, in both cases, as shown in Figures 5(a) and
5(b), there is an obvious turn of the electrostatic field peak at
approximately 50T0, marking the formation of the shock,
because at the early stage, hole-boring effects dominate and
the laser pushes the whole plasma forward. As a result,
plasma is piled up and drifts at hole-boring velocity. Once
the shock launches, it has a velocity larger than the hole-
boring velocity, which can be clearly seen from the slope of
the black and green lines. At t< 50T0 region, the hole-
boring velocity is estimated to be vHB ≈ 0.06c, approxi-
mately the value obtained by the theory. To better illustrate
the difference between the two cases, the black dashed line
from Figure 5(a) is translated to the same position in
Figure 5(b), showing a clear divergence of shock velocity
between the PT and the NLT. Figure 5(c) shows the energy
spectrum of protons accelerated by the collisionless shock
wave in the upstream region at t � 150T0. Both PTand NLT
feature a quasimonoenergetic energy spectrum. In addition,
the peak energy and cutoff energy of accelerated protons are
both enhanced in the NLT compared to the PT. )e peak
energy increases from 6.9MeV to 9.1MeV by 30%, and the
cutoff energy increases as much as 60% from 12.2MeV to

20.0MeV. )e increase of shock velocity and proton energy
indicates a much stronger shock in the NLT.

)e enhancement of the shock strength can be explained
by the generation and transportation of hot electrons from
nanolayers. As can be seen from the slope of the dashed lines
in Figure 3, the temperature of hot electrons is almost the
same in both cases. But with solid nanolayers, the number of
hot electrons is increased due to the laser-nanolayer in-
teraction. Besides, the current in the nanolayers generates a
strong and inhomogeneous transverse magnetic field Bz, as
shown in Figures 6(a) and 6(b), for the PT and the NLT,
respectively, where Bz is normalized by meω0/e. )e induced
Bz inhibits the propagation of the hot electrons in the x-
direction. Furthermore, due to the nonhomogeneity of Bz in
the y-direction, it exerts a magnetic pressure of ∇B2/8π on
the hot electrons, expelling them from the region near the
nanolayers and pushing them towards the center of the gap,
leading to a further accumulation of the hot electrons. )e
accumulation of hot electrons results in an increased thermal
pressure in the shock front region, which can be expressed as
Pe ≈ nhTh, where nh and Th are the density and temperature
of hot electrons, respectively. )is thermal pressure leads to
the enhancement of shock strength by increasing the electric
field Ex∝∇Pe, where Ex is the electric field associated with
the shock front. To illustrate, Figures 6(c) and 6(d) show the
energy density distribution of hot electrons. It can be seen
that electrons are focused and more energetic in the NLT.
However, in the PT, they are scattered and distributed in a
wider region, leading to a weaker shock. To further illustrate,
Ex associated with the shock front at t � 100T0 and t �

150T0 is exhibited in Figures 7(a), 7(b), 7(d), and 7(e),
normalized by meω0c/e. Figures 7(c) and 7(f) compare Ex by
averaging them over the y-direction. We can see that the
peak value of Ex is increased as much as 30% compared to
that in the PTat different moments and that the shock in the
NLT propagates faster than that in the PT, indicating a
stronger shock.

Furthermore, nanolayered targets with different gap
widths are investigated to find out a possibly optimal pa-
rameter. NLT with corresponding d2 � 3, 5, 7, 10 μm and
PTare separately applied in the simulations for comparison.
Figure 8 shows the energy spectra of accelerated protons in
different cases. As we can see, in all cases of NLT, the peak
energy and cutoff energy are increased compared to the PT.
As the gap width decreases from 10 μm to 5 μm, both the
peak energy and cutoff energy increase, while the energy
spectra of the protons broaden and become quasimonoe-
nergetic. However, as the gap width further decreases to
3 μm, the peak energy remains the same. But the cutoff
energy and the proportion of protons with high energy
decreases, meaning decreased conversion efficiency from
laser to accelerated protons.While the nanolayers contribute
to the hot electron generation and induce the magnetic field,
they can also reflect the incident laser. As the gap width
decreases, more nanolayers interact with the incident laser,
and the proportion of reflected laser will increase. Besides,
the hot electrons not only enhance the shock strength but
also heat the plasmas in the upstream region. When the gap
width decreases, more hot electrons are generated, meaning
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Figure 4: Phase space (px − x) of protons are plotted for the PT (a) and the NLT (b) at t � 100T0 and for the PT (c) and the NLT (d) at
t � 150T0.
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Figure 6: )e transverse magnetic fields Bz and the energy density distributions of hot electrons at t � 150T0 for (a, c) the PTand (b, d) the
NLT. Bz is normalized by meω0/e, and the energy density is normalized by ncrmec

2. )e average magnetic field near the shock front is about
10 kT. )ese hot electrons have a typical gyro-radius of re ≈ vTe(mec

2/eBz) ≈ 0.5 μm.
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an increased ion acoustic speed, which results in a lower
Mach number and a decrease in the efficiency of the CSA.
)us, the optimal gap width d2 � 5 μm is achieved for the
current NLT configuration.

4. Summary

In this paper, the effects of nanolayered targets on the laser-
driven collisionless shock acceleration are investigated via 2D3V
PIC simulations. To conclude, a stable and strong collisionless
shock can be formed in the near-critical plasma embeddingwith
a nanolayered target. More hot electrons are generated due to
the interaction of the nanolayers and the incident laser. Besides,
the current generated along the nanolayers induces a strong
transverse magnetic field in the near-critical plasma sur-
rounding nanolayers, which helps to inhibit the longitudinal
propagation of hot electrons and accumulate them near the
shock front. Compared with the planar target case, shock ve-
locity increased from 0.079c to 0.091c, and the electric field
associated with the shock front is also reinforced. Consequently,
both peak energy and cutoff energy of the accelerated protons in
the upstream region are increased by as much as 30%. Fur-
thermore, we investigated the effect of the gap width. As the gap
width decreases, the peak energy and cutoff energy increase.
However, when the gap is too narrow, the quasimonoenergetic
feature of CSA is impaired, and the proportion of high-energy
protons declines. Our simulations provide a potential scheme
for the enhancement of the CSA in experiments while careful
and detailed investigations concerning the laser and target
parameters for a more realistic setup should be considered in
future work.
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