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A novel scheme has been proposed to enhance neutron yields, in which a multi-
channel target consisting of a row of parallel micro-wires and a plane substrate is
irradiated by a relativistic femtosecond laser. Two-dimensional particle-in-cell
simulations show that the multi-channel target can significantly enhance the
neutron yield, which is about 4 orders of magnitude greater than the plane target.
Different from the case of nanowire target, we find that when the laser penetrates
into the channel, the excited transverse sheath electric field can effectively
accelerate the D* ions in the transverse direction. When these energetic D*
ions move towards the nearby wire, they will collide with the bulk D* ions to
trigger D-D fusion reaction and produce neutrons, which is much more effective
than the plane target case. Due to the unique trajectory of the incident D* ions, the
angular distribution of the produced neutrons is modulated from isotropic to two
peaks around +90°. Meanwhile, this enhancement and modulation is further
verified in a wide range of target parameters.
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1 Introduction

The laser intensity has increased significantly since the invention of the chirped pulse
amplification (CPA) technology [1] in 1985. Recently the laser peak power has broken
through 10 PW [2,3] and laser peak intensity has reached 10”W/cm® [4], with
corresponding electric field intensity of approximately 10**V/m. It enables us to create
extreme physical conditions with ultra-high temperature and ultra-high density in the
laboratory and promotes the development of many branches of physics, such as the laser-
plasma accelerator [5,6], fast ignition in inertial confinement fusion (ICF) [7,8], laboratory
astrophysics [9,10], and laser nuclear physics [11,12], etc.

In recent years, efforts have been made to exploit ultrashort and ultrahigh laser systems
to generate neutron beam. The production of neutrons with a relativistic femtosecond laser
has been realized by using different materials of targets that include thin foils of deuterated
materials [13-15], deuterated clusters [16-18], and heavy water jets and spray [19] in recent
years. Many theoretical simulations and experimental studies have proved the superiority of
nanowire-array (NWA) targets with diameters and gaps of hundreds of nanometers (i.e., the
subwavelength-scale target) in enhancing the energy conversion efficiency between
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Schematic diagram of the multi-channel target (A) 3D configurations. L, D, and S are the channel length, diameter, and spacing, respectively. (B)

Corresponding 2D configurations. (C) A flat target 2D configurations.

femtosecond relativistic laser and plasma, and have been widely used
in the research of electron and ion acceleration [20,21], X/y ray
generation [22,23] and terahertz radiation [24,25]. Besides, the
above target structure has also been proved to be able to create
an extremely high-energy-density plasma (HEDP) environment
[26] and to greatly improve the neutron yield compared with the
plane target [27,28]. In addition to the subwavelength micro-target,
recent research [29] shows that, for the targets with diameter and
gap of micrometers (i.e., the wavelength-scale target), the energy
conversion efficiency of laser can also be significantly improved, and
thus ions with higher energy can be produced. Therein, the higher
energy gain of ions may be employed to enhance the fusion
efficiency and neutron yield, which is still an open question.

In this work, the neutron generation by the interaction of a
femtosecond laser with the multi-channel target (MCT) is
investigated via the particle-in-cell (PIC) simulations. Our results
show that with the introduction of the MCT, the neutron yield can
be significantly enhanced, which is about 4 orders of magnitude
higher than that from a plane target. Meanwhile, we also find that
the generated neutrons are not isotropic, and peak in the
perpendicular direction of the laser incidence. The paper is
organized as follows. Section 2 outlines the target configurations,
simulation parameters and results. Besides, the physical mechanism
of the neutron yield enhancement is analyzed in detail. Section 3
discusses the impact of target parameters on neutron yield. Lastly, a
summary is given in Section 4.

2 Simulation setup, results and analysis

To reveal the basic physics and mechanism of interaction between
MCT target with the relativistic femtosecond pulse, two-dimensional
(2D) PIC simulations are performed by using the Smilei code [30],
which has included the nuclear reaction module for D (D,n)*He to
produce neutrons. The simulation box is 48\, x 481, with 2560 x 2560
cells and 49 particles per cell, where Ag = 1 ym is the laser wavelength. A
linearly polarized laser pulse with a Gaussian profile in the y direction,
ie, a= ap- exp(—(y - yo)Z/ré) - exp(log2- (t - 7/2)%/ (1/6)?) - e_;,
travels along the x-axis from the left side and normally incident on
the MCT target, where a, = eEg/m.cwy = 5 is the normalized amplitude,
Yo = 24 ym is the laser central location, 7y = 10 ym is the laser spot
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radius, and 7 = 10T, = 33fs is the pulse duration. The corresponding
peak intensity and total light energy are thus 3.4 x 10*W/cm*and 1.17],
respectively, which is commonly used in the laboratory.

Figure 1A shows a schematic diagram of the MCT target. The
typical diameter (D), length (L), and spacing (S) of the MCT are 1 ~
310, 5 ~ 15)¢, and 1 ~ 3A,, respectively. For a typical MCT, the
cylindrical deuterated polyethylene (CD,) wires of length L = 10.01,,
diameter D = 1.0A,, and space length between the adjacent wires S =
2.0, are located from x, = 151, to x; = 251,. A CD, substrate of
thickness L; = 5.01¢ is used to support the wires and is attached
directly to the wire array. The corresponding 2D diagram is shown
in Figure 1B. As the target containes deuterium, neutrons are
generated via D-D fusion reaction: D + D — n +’He (Q =
3.27 MeV). It assumes that the ions are fully ionized since the
laser intensity is much higher than the ionization potential of the
carbon and deuterium ions [31,32], with carbon ions (C°®),
deuterium ions (D*) and electrons (e”) densities 20 n, 40 n,
160 n, respectively, where n, = mew%/47're2 is the electron’s
critical density. For comparison, we also perform simulations for
a plane CD, target (PT), as shown in Figure 1C.

To show the effect of MCT target on neutron generation, the
results of neutron production in the cases of MCT and PT are shown
in Figure 2. One could find that in the case of MCT, the neutrons are
produced in the large volume range of the wires rather than in the
area near the substrate and that more neutrons are distributed on the
wire during the production process than in the gap area between the
wires; see Figure 2A. While in the case of PT, neutrons are mainly
produced near the target surface interacting with the laser and
extend to the surrounding area, and the distribution area is far
smaller than that in the case of MCT; see Figure 2B. At the same
time, the neutron yield in MCT is 4 orders of magnitude higher than
that in PT, i.e., the MCT can greatly improve the neutron yield with
the same input laser energy. Besides, in the PT case, the emission of
neutrons along the laser axis is about 1.2 times higher than in the
transverse direction, which is consistent with the experimental
results.[33]. However, when the laser interacts with the MCT, as
shown by the black solid line in Figure 2C, the number of neutrons
peaks around +90° (i.e., in the perpendicular direction of laser
propagation). This result is obviously different from that of
accelerated D* colliding with the substrate along the laser
propagation direction [28] or being used in the pitcher-catcher
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(A) The neutron number density of the multi-channel target. (B) The neutron number density of the plane target. (C) Neutron angular spectrum for
different targets, where the black line represents the MCT and the red line represents the PT.
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FIGURE 3

The deuterons energy density of the multi-channel target at (A) 60To, (B) 80T and (C) 100To. The neutron number density of the multi-channel

target at (D) 60Ty, (E) 80T and (F) 100T,.

configuration with a conversion target such as Be [34,35] to produce
directed beams of higher energy neutrons in which more neutrons
are mainly located along the laser propagation direction rather than
its vertical direction.

In order to reveal the reason why MCT enhances the neutron
yield and why the angular distribution is anisotropic, we have
made a detailed analysis of the progress at different times.
Neutron is the product of D-D fusion reaction. Therefore, to
understand the effect of MCT on neutron production, the
dynamics of high-energy D* ions need to be analyzed in detail.
Figure 3 shows the energy density of D" ions in the wires region
and the corresponding neutron yield at 60T, 80Ty, 100T,. From
Figure 3A, one can see that at 60T, because the wire is relatively
thick, the target does not explode after strong laser irradiation like
the nanowire target [27] but maintains its shape, and the ions
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from the wire surface expand radially and gradually fill the gaps.
Correspondingly, the neutron yield of the MCT is not obvious in
Figure 3D. Only the tip of the wires and the substrate surface,
which are irradiated directly by the laser, produce a small number
of neutrons. From the value of the color bar in Figure 3D, it shows
that the neutron yield is about two orders of magnitude lower
than that of the subsequent generation. Over time, the high-
energy deuterons expand further and collide with each other in
the gaps, as shown in Figure 3B. It should be noted that even the
gaps have been filled with high-energy D* ions, but in Figure 3E,
there is no significant neutron generation in the gaps. The average
density of D" ions between gaps is estimated to be 0.21#,, which is
much lower than the target density. This indicates that with the
current laser pulse and the gaps in the micrometer scale, the
plasma between the gaps cannot form a high-energy-density
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formed by the charge separation is represented by a subfigure in the lower right corner. (C) Energy spectrum of wires deuterons at different times. (D1)

The x-p, phase diagrams and (D2) The x-p,, phase diagrams of the D* ions at 40Tq
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(A1,A2) The energy spectrum of wires deuterium ions at 40T and 80Ty. (A3) Spatial distribution of the transverse sheath field £, at 80To. (B) Energy
spectrum of wires deuterons at different times. (C) Angular spectrum of wires deuterons for different targets at 100To, where the black line represents the
MCT and the red line represents the PT. (D) The total cross-section of D-D reaction. The experimental data came from [42—-44] and theoretical

calculation [45] is the method used in Smilei code.

environment for effective nuclear reactions. As the high-energy
deuterons expand further between the gaps, a portion of the ions
reach the surface of the adjacent wires, as shown in Figure 3C.
This process is like the “pitcher-catcher” configuration, where
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deuterium ions are pitched from the wire surface, accelerated in
the gaps, and catched by the adjacent wires. As a result, in
Figure 3F, significant neutron generation on the wires can be
observed.
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(A) For the fixed L = 10.0Ag and S = 2.0, the neutron yield and D* cut-off energy when channels are closed vary with the wire diameter D. (B) For the
fixed L = 10.01g and D = 1.0, the neutron yield and D* cut-off energy when channels are closed vary with space length S. (C) For the fixed S = 2.81¢ and
D = 1.0Aq, the neutron yield and D* cut-off energy when channels are closed vary with wire length L
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(A) For the fixed L = 10.01q, S = 2.81¢, D = 1.0\, the laser electric field at t = 36Ty. (B) For the fixed L = 18.01¢, S = 2.8)o, D = 1.0, the laser electric
field at t = 36T,. (C) The transverse sheath field Eg, along the line x = 20A¢ at 36Tq.

The above results show that the acceleration of D* ions in the
¥ direction and the subsequent collision with adjacent wire
targets the main factors enhancing neutron
production. Here, the space-charge field (sheath field) normal
to the surfaces of the wires dominates the acceleration of D" ions,
which is shown in Figure 4al. As the laser propagates through the
gaps between wires, channels act as closely packed waveguides

are for

[36-38], and a large number of high-energy-density electrons are
dragged out from the wires by the periodic laser electric field
[39,40]. From Figure 4B, one can find that the upper half of the
gap is filled with charge separation field of E;, < 0, and the lower
half with Eg, > 0. This field is against the effect of the laser and
directs electrons back into the wires [41]. At the same time, D*
ions in the surface of the wires are dragged out and accelerated in
the transverse direction. The energy spectrum from different
snapshots and the x-p, phase diagram, x-p, phase diagram of D*
ions at 40T are shown in Figure 4C and Figures 4d1, d2, which
confirms that the acceleration of D* jons in the transverse
direction is dominant, while the acceleration along the laser
propagation is negligible. Most importantly, this sheath field
does not disappear right away after the laser is completely
finished but decays gradually due to the remaining electrons
filling in the gaps. Figure 4a2 demonstrates that at 40T there is
still a fairly strong field remaining along the gap surface, which is
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equivalent to almost 10% of the field strength when the laser
exists.

As shown in Figures 5al, a2, the D" ions on the surface of the
wires see the unscreened electric field of the electrons in the gaps
and are continuously accelerated in the gaps from 40T,-68T,,
until the moment when the gaps are filled with high-energy
deuterium ions and the sheath field disappears, as shown in
Figure 5a3. This means that the effective acceleration distance
of D" ions is limited by the length of the gap, which is about half of
the interwire separation, i.e., [,.c = §/2. Correspondingly, thereis a
significant increase in the number of D* ions in the range of
0.4 MeV-0.8 MeV, with a cut-off energy of 0.87 MeV at 68T; see
Figure 5B. Besides, from Figure 5B, it should be noted that the
energy spectrum represented by the black line at the 100T, differs
from the blue line at 68T, in two ways: (1) the number of
deuterium ions at t = 100T, is larger than that of t = 68T, in
the range of 10 KeV to 60 keV, and (2) t = 100T, has higher cut-
off energy. The former is due to the heating of wires when
energetic deuterium ions collide with neighboring wires, which
is beneficial for subsequent D-D fusion reaction. The latter is
mainly attributed to the TNSA acceleration in the front surface of
the target [46] rather than the radial acceleration in the region of
the wires. And the contribution of these ions to neutron
production is minimal since the number of trailing high-
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energy deuterium ions is very small. Meanwhile, the angular
distribution of the accelerated deuterons is closely related to
the angular profile of the neutrons. Figure 5C shows the D*
ions are accelerated perpendicular to the direction of the laser,
rather than along the direction of the laser like the plane target.
This coincides with the angular distribution of the produced
neutrons which is not isotropic but peaks around +90°. Moreover,
[42-44] and the theoretical
calculations [45] show that the D-D reaction cross-section

both the experimental data

increases rapidly with the increase of energy when less than
1 MeV; see Figure 5D. For deutrons thermonuclear reactions,
the volumetric reaction rate is given by [47].

R=mn, (ov)/(1+8) (1)

where np+ is the number density of D* ions, § is the Kronecker
symbol of 1, ¢ is the D-D reaction cross-section, v is
deuterium-deuterium relative velocity, and {ov) is an average of
reaction cross-section and relative velocity. Then multiplied by the
reaction volume V and reaction time T, the reaction number can be
roughtly estimated as

N =Vn,.<ovyt/2 )

From Equation 2, we can see that the MCT irradiated by the laser
forms a larger volume V, and a higher-energy-density environment,
i.e.,, a higher density np+ and larger {ov), so the neutron yield has
increased dramatically.

3 Target parameters effect on neutron
yield

The target parameters play crucial roles in the D ions
acceleration and subsequent neutron generation. Figure 6
shows the influence of wire length L, diameter D, and spacing
between the adjacent wires S on D* cut-off energy when the gaps
are enclosed due to the expansion of D* ions and neutron yield.
Apparently, in order to reduce the laser reflection, a smaller
diameter D is better, as shown in Figure 6A. However, D = 1.0, is
optimal because much smaller D (i.e., nanowire target) requires
the laser system with very high contrast and makes it harder for
wires to grow longer when the target is prepared by chemical
methods. For given D = 1.0A,, Figure 6B illustrates the impact of
spacing S on the neutron yield and D* cut-off energy. For larger S,
the laser can penetrate deeper into the target and produce a
stronger sheath field, and the D" ions are accelerated over a longer
distance to higher energy. However, take into consideration that
the laser’s spot radius is fixed in the simulation, which is also in
line with the experimental conditions, the wider gaps will reduce
the number of wires within the area of laser spot irradiation,
resulting in a dramatic decrease of the D* ions number and D-D
collision events. Therefore, in order to maximize the neutron
yield, one needs to make a trade-off between the cut-off energy to
increase the cross-section and high-energy number density of
the D+ ions, i.e., Nusion 0c 115, - 0pp. Here, S = 2.8), is a good
choice.

In addition to D and S, L is also of great importance for
particle acceleration and neutron generation. Note that neutron
yield and D" cut-off energy show completely opposite trends in

Frontiers in Physics

10.3389/fphy.2023.1189755

Figure 6C. Detailed simulations show that in the early stage of
laser-target interaction, the energy spectra of deuterium ions are
nearly the same for both cases of L = 101, and L = 18], but
deviate from each other at 36 T,. In the case of L = 10\, the laser is
reflected by the substrate and propagates backward in the
channels, and the reflected intensity is about 31% of the initial
intensity; see Figure 7A. In the case of L = 181, the laser
continues to propagate forward in the channels, so we do not
see the laser main pulse in Figure 7B. This difference will induce
different sheath fields within the channel shown in Figure 7C,
further leading to different deuterium ions acceleration. For
longer L, even if the energy of deuterium ions decreases, as
shown in Figure 6C, the number of deuterium ions increases
due to the larger heating volume, so neutron production
increases. Therefore, taking into account factors such as
neutron yield and experimental conditions, the wire length
between 141, and 18], is appropriate. For example, given S =
2.81o, D = 1.0, L = 15.01, which is considered to be optimal in
our simulation, a deuterium ion cut-off energy of 1.0 MeV and a
high neutron yield can be obtained.

4 Summary

In summary, we have proposed a multi-channel target which
is highly efficient for neutron yield by using a relativistic
femtosecond laser pulse. With a laser pulse of intensity ao = 5,
duration 7= 33 fs and energy 1.17 ], the neutron yield of the MCT
target is estimated to be 4 orders of magnitude larger than that of
the plane target. Detailed analysis shows that the sheath field,
which is normal to the surfaces of the wires, can effectively
accelerate the D' ions transversely inside the region of the
wires. A cut-off energy up to 1.0 MeV is achieved, at which
the total cross-section of the D-D fusion reaction almost
approaches its maximum. As a result, the fusion probability is
significantly enhanced and a large number of neutrons are
produced in the region of the wires. Besides, due to the special
acceleration mechanism of D", the produced neutrons
directionally peaked around +90°. Moreover, this proposal is
quite robust with respect to a wide range of target parameters,
which should facilitate its experimental implementation.
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