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Abstract: Target normal sheath field acceleration via laser interaction with structured solid targets has
been widely studied for its potential use in a wide range of applications. Here, a novel nanowire target
with a corrugated front surface is proposed to improve the proton acceleration by a target normal
sheath field. Two-dimensional particle-in-cell simulations demonstrated that with the existence of
the corrugated surface, the cut-off energy of accelerated protons nearly doubles compared to the
planar nanowire target. When interacting with the corrugated surface, the incident laser pulse is
reflected multiple times, focused and reinforced in each cavity near the front surface, which leads to
suppression of the reflectivity and an improvement in the absorption rate. Electrons are heated more
efficiently and the sheath field at the target rear side is naturally enhanced. To further investigate the
performance of this novel target, a series of simulations with various laser intensities and target sizes
were also carried out. This simple target design may provide insights for experiments in the future
and should arouse interest because of its wide application.

Keywords: target normal sheath acceleration; nano-structured target; laser plasma interaction

1. Introduction

With the rapid development of ultra-intense short pulse laser, acceleration of charged
particles by laser plasma interaction has become an active area of research due to its
prospective application in many areas, such as proton radiography [1,2], tumor therapy [3],
isochoric heating [4], tabletop ion accelerators [5], and fast ignition in inertial confinement
fusion [6,7]. To obtain high-quality and high-energy ion beams, many acceleration mech-
anisms have been developed over the past few decades, such as target normal sheath
acceleration (TNSA) [8,9], radiation pressure acceleration (RPA) [10-12], and collisionless
shock acceleration (CSA) [13,14]. Among these mechanisms, TNSA is easy to implement
and thus it has been studied widely using both simulations and experiments [15,16]. In
TNSA, electrons at the front surface of the solid target are heated and accelerated by the
incident laser pulse. The hot electrons propagate forward and easily penetrate through
the target, establishing an intense charge separation electric field in the vacuum space
near the rear of the target. The induced electric field can reach several teravolts per meter,
strong enough to ionize and accelerate the hydrogen atoms from water or hydrocarbon
contaminants attached on the target surface.

Obviously, the energy and quality of accelerated ions are determined by hot electrons
coming from the target front, which are determined by the intensity and absorption of
the incident laser. Due to the technological limitations, increasing the laser intensity is
very challenging and not practical in experiments, thus improving the energy conversion
efficiency from the laser to electrons is of prime importance for TNSA. To achieve this
goal, many schemes involving targets with a structured front surface have been proposed,
including cone targets [17], double-layer targets [18,19], foam targets [20], nano-structured
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targets [21-23], and micro-tube targets [22,24]. Unlike a planar foil target, the laser pulse is
not directly reflected by the sharp density profile, but propagates in the complex geometries
of the structured front and interacts for an extended distance with the inner volume of
the target. On the other hand, the laser pulse interacting with complex target geometries
may benefit the laser absorption via oblique incidence, which provides additional hot
electron generation by vacuum heating [25]. The rapid growth of surface micro-structure
technologies [26,27] has also facilitated the fabrication of such targets, and many proposed
designs have been realized in experiments. Jiang et al. investigated the generation of high-
quality electron beams from laser interaction with Si microwire arrays [28]. Valliéres et al.
demonstrated enhanced laser-driven proton acceleration in nanowire targets with different
parameters. Dozieres et al. studied the optimization of nanowire targets on proton accelera-
tion efficiency [29]. All these works suggest that the performance of nano-structured targets
is superior to that of targets with flat surfaces in absorbing laser energies and accelerating
hot electrons and energetic ion beams, and ion beams with much higher energies can
be generated.

Our study aims to further improve the laser absorption and hot electron generation
in a nano-structured target, by tailoring its front surface to modulated geometries [30].
This novel target, known as a corrugated nanowire target (CNT) originates from a planar
nanowire target (PNT) and its structure resembles that of the PNT, except that its front
surface is tailored so it has a corrugated profile, as shown in Figure 1. Compared to the
PNT, the CNT has a larger interaction surface, and more electrons can interact with the laser
pulse at the region near the front surface. Furthermore, the laser pulse is obliquely incident
in each cavity of the tailored front surface in contrast to its normal incidence in the PNT.
This benefits the laser plasma interaction by vacuum heating [25], leading to additional
heating of electrons. The oblique incidence also creates multi-reflections of the laser pulse
in the tailored structure, meaning that the reflectivity of the laser pulse can be suppressed
and more energies are coupled to hot electrons. Here, a series of two-dimensional (2D)
particle-in-cell (PIC) simulations were carried out to compare the CNT and the PNT. The
simulation results verified that the CNT can significantly enhance the cut-off energies of
accelerated protons as well as the energy conversion efficiency. Furthermore, the influence
of the laser intensity and the parameters of the corrugated surface on the proton acceleration
were examined and are discussed below. The simulation results demonstrated that the
proposed target design works well and is superior to the PNT at various parameters, thus
providing a robust and simple scheme to obtain protons of much higher energies without
requiring a higher laser intensity.
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Figure 1. Schematics of the PNT (a) and the CNT (b). Both targets consist of solid nanowires and
substrate of Au®%* (red part) and a thin hydrogen foil (blue part). The corrugated surface profile is
marked by a green-dashed line.
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2. Simulation Setup

The two-dimensional simulations were carried out using relativistic PIC code EPOCH [31],
which is able to self-consistently simulate the intense laser plasma interaction. The p-polarized
laser pulse is incident from the left boundary. It has a flat-top temporal shape with a duration
of 15Ty, including a rising edge of 2Ty and a descending edge of 2Tj. Its peak intensity is
Ip = 8.6 x 101 W/cm?, which corresponds to a normalized vector potential, agp = 8. The
wavelength is Ag = 1 um, and the period is Tp = 3.3 fs. The spatial profile of the laser
pulse is Gaussian in the y-direction, expressed as I = I exp(—%), with r = 8 um. The
size of the simulation box is 80 um x 40 pm (0 pm < x < 80 um, =20 pm < y < 20 pum)
with 4000 x 4000 grids in the x, y plane. Each cell is filled with 100 electrons, 10 A1t jons
and/or 100 protons. The temporal resolution is set as T = 0.01T, which is sufficient to
accurately calculate the laser plasma interaction. The PNT has a comb-like structure, consisting
of three parts, as seen in Figure 1a. The first part is nanowires made of Au with diameters
dq = 0.3 um, vacuum spacing dp = 0.3 um and length L = 15 um. To save computation
resources, they are assumed to be pre-ionized Au*** with ion density of n; = n, and a
corresponding electron density of n, = 50n.. Here n, = mgwéeo /é? is the critical density, and
wy, €, e are the laser frequency, vacuum permittivity and elementary charge, respectively.
According to Hollinger et al. [32], the pre-ionized Au>’* can be obtained in such an intense
laser condition, and are adopted in many previous simulation works [33,34]. The second part
is a substrate of the same materials with a thickness of D = 2 um, to which the nanowires
adhere. The nanowires and the substrate are placed in the region —15um < y < 15 um
and 10 um < x < 27 um. The third part is in the rear side of the substrate, where a 2 pm
thick and 20 um wide hydrogen plasma layer, with ny = n, = 10n,, is placed in the region
—10 pm < y < 10 pm and 27 pm < x < 29 um. The CNT has the same shape and parameters
as the PNT, except that its front surface is corrugated (labeled by a green-dashed line in
Figure 1b). The profile of the corrugated surface is modeled by a sinusoidal curve, expressed as
x = 10Ag + A cos(27tKy). This configuration ensures that the total number of electrons in the
simulation box is basically the same in both targets. A series of simulations were carried out in
this work. Firstly, the shape of the corrugated profile was chosen as A = 31 and KAy = 0.25.
The heating of the electrons and proton acceleration via TNSA were investigated in detail.
Furthermore, the parametric dependencies were also studied by changing the parameters of
the corrugated profile.

3. Results and Discussions
3.1. Laser Absorption and Hot Electron Generation

In typical TNSA, the laser pulse irradiates a solid target, usually a foil target. Electrons
are heated via vacuum heating and the J x B mechanism. Hot electrons propagate to
the target rear side, establishing an intense sheath field for proton acceleration. Because
the laser pulse can only reach several skin depths into the target, a large proportion of
energy is reflected. However, for the nanowire target, the laser pulse can propagate in
the vacuum gaps between the solid wires, leading to a significant suppression of the
reflectivity. Typically, the reflectivity in the nanowire target can be reduced to under
20% [35]. Furthermore, the laser pulse propagates in the vacuum gaps and interacts with
the solid wires, pulling out the electrons and accelerating them via Lorentz force over a
long distance [36]. This mechanism makes it possible to generate much more energetic
electrons. In the CNT, the tailored front surface is expected to further reduce the reflectivity
of the incident laser.

Figure 2 shows the simulation results at t = 22Tj. To compare the reflectivity, the
normalized Poynting flux in the longitudinal direction (Sy) is shown in Figure 2a,b. It can
be clearly seen that the reflected component is much weaker in the CNT compared to the
PNT. The reflectivity can be estimated by integrating the Poynting flux propagating in the
negative direction (blue components in Figure 2a,b, denoted as S_) at the left boundary,

_ [/ [S-(x =0,y z)dydzdt
= =

expressed as R , where Wj is the total energy of the incident laser
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pulse. The value of R determines the energy that flows into the target, and the latter
corresponds to electron heating and determines the temperature of the electrons. The
reflectivity in the PNT is 15%, while in the CNT it is only 5%. This result indicates that
in the CNT, more energy is transferred to the electrons in the nanowires, and thus the
temperature of the electrons is expected to increase. Furthermore, multiple reflections by
the corrugated surface leads to the focusing and reinforcement of the laser pulse in each
cavity of the front surface. To better illustrate this, Figure 2d,e show the zoom-in view of Sy
at the region near the front surface in Figure 2a,b, and the colormap is also adjusted. It is
clearly seen that the intensity of S, is higher in the CNT, and the peak value of the laser
electric field is estimated to increase by 50% comparatively.
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Figure 2. Simulation results at ¢t = 22Tj. (a,b) Normalized Poynting flux (Sy ) for the CNT (a) and
the PNT (b), where forward and reflected components are labelled as red and blue, respectively.
At this time both incident and reflected components of Sy can be observed. (c) Energy spectra of
hot electrons in the nanowires. (d,e) Zoom-in view of Poynting flux near the target front surface.
(f,g) Phase space (px — x) of electrons in the nanowires.

As discussed above, due to the multi-reflections and focusing of the incident laser
pulse by the corrugated surface, the electrons in the CNT are heated more effectively
and are able to gain higher energy than those in the PNT. This can be observed from the
energy spectra of electrons exhibited in Figure 2c. The spectra are obtained by counting all
electrons moving in the +x direction. In the CNT, hot electrons with energies as high as
over 40 MeV are generated, compared to a maximum energy of only 15 MeV in the PNT.
The energy spectra show significantly different spectra because a portion of low-energy
energetic electrons is shifted to higher energies. The temperature of the hot electrons is
given by fitting the spectra with a Maxwellian distribution, as labeled by dashed lines in the
figure. It increased by as much as 3 times from 1.6 MeV to 4.9 MeV. The phase space (px — x)
of the electrons is also shown in Figure 2g f, which is consistent with the energy spectra. It is
worth noting that the phase space features a periodical structure, and the period of electron
bunches is approximately % Similar results have also been demonstrated in previous
work [36,37] on nanowire targets. Since TNSA is directly affected by the temperature of hot
electrons, an increased temperature will enhance the sheath field established at the target
rear surface and the subsequent proton acceleration. This will be discussed in detail in the
following section.

3.2. Sheath Filed and Proton Acceleration

As hot electrons originating from the nanowires propagate through the target rear side,
a strong longitudinal sheath field is established. This is associated with the energy of hot
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electrons (e, ~ Tj), and the Debye length of hot electrons (Ap = / f&%). For a solid slab

target, the sheath field can be estimated [38] as Egjens, ~ €1,/ Ap o v/n;, Ty, where ny, Tj, are
the density and temperature of the hot electrons, respectively. Based on the discussion in
the previous section, the energy and number of hot electrons are both increased in the CNT,
it is thus expected to generate a stronger sheath field. Figure 3 exhibits the normalized
longitudinal electric field at t = 35Tj. The sheath field in the CNT becomes stronger
compared to that in the PNT. Furthermore, it occupies a larger area. Figure 3¢ shows the
electric field averaged near the axis y = 0. The enhancement of the sheath field in the
CNT is clearly observed, and its peak value is increased from 3 to above 5. As shown in
Figure 3d, the electric potential created by the sheath field is obtained by integrating the
electric field presented in Figure 3¢, where the right boundary is set as the zero-potential
point. The maximum potential in the CNT nearly doubles, meaning that the energy gain in
a single proton as it propagates from the target rear side to the right boundary is estimated
to double in the CNT compared to that in the PNT.
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Figure 3. Longitudinal electric field (Ey) at t = 35T near the target rear surface for the PNT (a) and
the CNT (b). (c) Averaged E, near the region y = 0 for both targets. The electric field is normalized
by mewoc/e. (d) Corresponding electric potential created by the sheath field near the region y = 0 for
both targets.

Figure 4a—f shows the energy density (normalized by ncmpc?) of protons at different
times. One can see that the energy densities of accelerated protons are much higher in the
CNT. Besides, the accelerated protons propagate faster in the CNT. These results agree
well with the above discussion on the sheath field. The energy spectrum of protons at the
end of the simulation is exhibited in Figure 4g. The spectra in both cases feature a typical
TNSA shape. In the CNT, the cut-off energy of the protons is about 50 MeV, which is much
higher than the 22 MeV for the PNT. The proportion of high-energy protons (>5 MeV) is
also greatly increased, meaning that more energetic protons are generated in the CNT. To
estimate the conversion efficiency from laser to protons, protons with energy greater than
1 MeV were counted, and the laser-to-proton energy conversion efficiency in the CNT was
12.6%, while this value was only 6.7% in the PNT.
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Figure 4. (a—f) Temporal evolution of energy density (normalized by n.m,c?) at different times for
the PNT (a—c) and the CNT (d-g) energy spectra of protons at the end of simulation.

3.3. Robustness of the CNT

To study the robustness of the CNT, a series of PIC simulations with different laser
and target parameters were implemented. Firstly, the amplitude of the corrugated surface
(expressed as x = 10Ag + A cos(27tKy)) was varied from A = 0 to A = 51, and K was
fixed as KAg = 0.25, where A = 0 denotes the PNT. Figure 5a,b show the simulation results.
The cut-off energy of the accelerated protons increases with A, and the conversion efficiency
also increases, meaning that more high-energy protons can be generated with larger A. It
is worth noting that both the conversion efficiency and cut-off energy tend to converge
to a constant value with increasing A, as shown in Figure 5b. This is because the laser
reflectivity cannot be suppressed infinitely, and the absorption of the laser pulse also has
an upper limit. When A is large enough, the incident laser pulse can be almost totally
absorbed, leading to the maximum conversion efficiency and cut-off energy. Figure 5c,d
show the cut-off energy of the accelerated protons and the conversion efficiency versus
intensity of the incident laser. The cut-off energies of both targets increase nearly linearly
with laser intensity, but changes in the conversion efficiency are relatively weak. It is clear
that both the cut-off energy and conversion efficiency can be significantly enhanced in the
CNT for different laser intensities.
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Figure 5. (a) Energy spectra of protons with different A. (b) Cut-off energies of protons and conversion
efficiency versus A. (c,d) Cut-off energies and conversion efficiency versus laser intensity (a% ) for the
PNT and the CNT, respectively.

In experimental conditions, the laser pulse usually has a long pre-pulse of low intensity.
This pre-pulse can pre-heat the target and generate low density plasmas that fill the gaps
between the nanowires, which may impair the laser absorption and hot electron generation.
Dozieres et al. [29] have studied the effect of pre-pulses on laser absorption and TNSA
of nanowire targets by filling the gaps with prescribed low-density plasma. They found
that the prescribed plasma can inhibit laser propagation in the nanowires and significantly
reduce the proton energy. In the discussions above, the effect of the pre-pulse is not taken
into consideration. Here, a set of simulations were carried out to briefly investigate the
influence of pre-plasma. The density and profile of the pre-plasma are influenced by many
factors such as the contrast of the laser pulse and target material. However, in typical
experiments on nanowire targets, the requirement for the contrast of the laser pulse is rather
strict, even above 1x10'2 [23,39]. For simplicity, we set the density of pre-plasma as .
and distributed it uniformly in the gaps. The simulation parameters are identical to those
introduced in Section 2, except that the gaps are filled with plasma with an electron density
of 1n, to represent the pre-plasma created by a laser pre-pulse. The energy spectra of the
protons at the end of the simulation are shown in Figure 6a. The CNT can still generate
much more energetic protons than the PNT. Furthermore, compared to the cases without
pre-plasma, the cut-off energies of the protons are only slightly decreased, meaning that the
influence of pre-plasma is not significant. This can be understood from the laser propagation
in under-critical plasma. The non-relativistic critical density is 7., while for a laser pulse

with large intensity, this value should thus be modified as 1., where v = |/1+ 43 is the
relativistic factor [40]. In our case, a9 = 8, and the corresponding relativistic critical density
is approximately 8 1., much larger than the density of filled pre-plasma. This means that
the laser pulse can propagate through the gaps, and the pre-plasma does not have much
influence on the absorption. Figure 6b,c present the electron density at t = 22T, where the
main pulse has completely interacted with the target and generated a large volume of hot
electrons near the target front. One can see that the generated hot electrons fill in the gaps,
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and their density is as much as 101, beyond the relativistic critical density. These electrons
play the main role in reflecting the laser pulse, and the pre-plasma is thus negligible.
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Figure 6. (a) Energy spectra of protons at the end of simulation. (b,c) Density of electrons at t = 22Tj.

The fill factor (f = d1lj} 7;) is also an important factor in the nanowire target, which
significantly influences the absorption of the laser pulse and cutoff energies of accelerated
protons [29,41]. The performance of the CNT and the PNT at different fill factors were
also briefly investigated. Figure 7 shows the cutoff energies of the protons. The CNT can
accelerate protons to higher energies than the PNT with different fill factors. However, when
the fill factor is relatively small, i.e., the density of the nanowires is low, the enhancement
of the CNT is not as significant as in the cases with higher fill factors. This is because in
the cases with small fill factors, the reflectivity of the laser pulse at the tips of the PNT
is naturally lower, and the corrugated surface can only slightly suppress the reflectivity.
Furthermore, the multi-reflection and focusing of the laser pulse are also reduced due to
the smaller area of interaction near the target front.
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Figure 7. Cutoff energies of protons versus fill factors for the PNT and the CNT.

4. Conclusions

In summary, a novel nanowire target with a corrugated front surface was proposed to
improve the proton acceleration via TNSA. Two-dimensional particle-in-cell simulations
demonstrated that this target design can significantly increase the cut-off energy, the laser-to-
proton energy conversion efficiency and the number of accelerated protons, compared to an
ordinary nanowire target. This enhancement can be attributed to suppressed reflectivity and
enhanced absorption by the corrugated front surface. Furthermore, a series of simulations
were carried out with various laser and target parameters to verify the robustness of the
CNT. The simulation results show that the CNT always has better performance than the
PNT and is robust with different simulation parameters. Given the technological advances
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in the fabrication of nano-structured targets, our scheme may provide insight for obtaining
high-energy proton beams without requiring higher laser intensity.
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