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Investigating the enhancement of the interaction between laser and plasma is
crucial for fundamental and applied physics research studies based on laser-
induced acceleration and nuclear reactions. The improvement of energy
conversion efficiency resulting in increasing reaction yields has been
extensively studied by the interaction of femtosecond (fs) or picosecond (ps)
lasers with nanowire targets. However, the effects of nanosecond (ns) lasers
interacting with nanowire targets on energy absorption and production yield
remain unknown. To address this issue, we conducted a deuterium–deuterium
fusion experiment based on the collision of two plasmas induced by the
interaction of the kilo-Joule-level nanosecond laser with nanowire targets. The
experimental results of neutron detection indicate that the yields of nanowire
targets remain at the same level as those of planar targets. We have used the
counter-streaming collisionless plasma model to perform a numerical analysis of
the output of nuclear reaction products at the center-of-mass energy (Ec.m.)
values between 10 and 30 keV, and the calculation results are in good agreement
with the experimental results. In addition, a magneto-hydrodynamic numerical
simulation was also performed. It shows that the critical density of the target’s
surface, which forms on the picosecond time scale, blocks the absorption of laser
energy with nanosecond pulse length. Consequently, both our experimental and
simulation results indicate that the enhancement factor is limited when a target
with a spatial period less than µm is used in conjunction with a ns laser. Therefore,
additional research is highly desirable to develop a target structure that can
improve the efficiency of energy conversion between the laser and the target.
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1 Introduction

The integration of laser, plasma, and nuclear physics has been
widely explored [1–7] in recent years due to the rapid advances in
laser technology [8–11]. For example, high-power lasers are
currently an important tool for creating extreme plasma
environments for studies in nuclear astrophysics and laboratory
astrophysics [12–14]. The particles generated through high-
intensity-laser-driven plasma, as well as the induced secondary
beams, hold significant importance for fundamental research and
practical applications in a variety of fields, including laboratory
astrophysics, nuclear physics, inertial confinement, and
thermonuclear fusion [15–26]. Therefore, these innovative cross-
disciplinary studies are actively seeking to explore and utilize the
properties of these particles.

One of the primary objectives in laser-driven plasma is to
accelerate a maximum number of particles or produce more
secondary particles for both fundamental and applied physics
research, which include photonuclear physics, photonuclear
transmutation, and radiography (involving electrons, protons, X/γ
rays, and neutrons). Several methods have been proposed and
demonstrated to significantly improve the energy conversion
efficiency in laser-driven plasma, such as near-critical density
plasma targets, plasma waveguides, grating targets, T-shaped
targets, nanowire targets, and others [3,27–38]. The use of the
relativistic femtosecond (fs) laser to irradiate nanowire targets
has been demonstrated through both theoretical models and
experiments to significantly enhance energy conversion efficiency.
In addition, the abovementioned schemes have also been applied to
enhance electron acceleration, ion acceleration, and secondary
radiation and produce ultra-high-energy density states. In 2013,
Purvis et al. from Colorado State University in the United States
used a relativistic fs laser to interact with a nanowire target to
generate hot electrons with a density 100 times higher than the
critical density and a temperature of several keV, which opened up a
new era for creating an extreme environment of high-energy-density
physics [38]. After that, with more improvement, they used the fs
laser to interact with the nanowire target to generate a 0.35 Tbar
extremely high-pressure plasma environment in 2017 [39]. The
extreme light infrastructure (ELI) also uses a microstructure target
in the proton acceleration experiment and enhances the conversion
efficiency of laser energy by placing a single layer of plastic
nanospheres in front of the target [40]. Furthermore, the latest
research from Colorado State University shows that the neutron
yield from deuterium–deuterium (D–D) fusion reaction based on
the interaction between the fs laser and the deuterated polyethylene
nanowire target is 500 times higher than that of the planar target
[41], which is also confirmed by our collaboration using a Joule-class
femtosecond laser system [42]. In addition to the fs laser, recent
experimental results have demonstrated that when the picosecond
(ps) laser is incident on the nanowire target [43], the energy coupling
efficiency between them can also be improved. Compared with the
case of the planar target, the intensity of the He-like line in the
nanowire target is enhanced by three times.

It is well known that in nuclear astrophysics, especially in the
Gamow window, the energies of the ions of interest range from a few
keV to hundreds of keV. Therefore, the interaction of nanosecond
(ns) lasers with solid targets is well suited to generate extreme

plasma environments at energy levels higher than the normal range.
At the LENS laboratory in Catania, Italy, nanowire targets made of
different materials are irradiated by using an infrared laser with an
intensity of 1012 W/cm2, a pulse duration of 6 ns, and an energy of 2 J
[44,45]. It was found that, in the nanowire form, nanostructures on
the surface of the target can absorb laser energy with very high
efficiency. The nanowire target can generate an extreme plasma
environment that is an order of magnitude higher in temperature
and has a higher density than the planar target, and theoretical
calculations indicate that the neutron yield is expected to be
improved when a ns laser interacts with nanowire targets.
However, the effect of the interaction between kJ-level ns lasers
and nanowire targets on energy absorption and neutron yield is still
unclear.

In this work, based on the collision of two plasma streams, we
first carry out the experimental study of kJ-level ns laser irradiation
on the CD2 nanowire target by the colliding plasma method [46,47]
and evaluate their energy conversion efficiency by measuring the
yield of nuclear reaction products. Our results show that the
nanowire target cannot significantly enhance the energy
absorption of such a high-energy ns laser compared with the
results of the planar target. Combining the experimental results
with the magneto-hydrodynamic numerical simulation results, the
main reason is that the nanowire target only works within the
duration of the first few ps in the whole process. Then, with the
formation of plasma higher than the critical density on the surface of
the nanowire target, the laser is reflected instead of absorbed. This
paper is organized as follows. Section 2 outlines the experimental
setup. Section 3 presents the reaction results of the experimental
detection and the numerical calculation for the neutron yield.
Furthermore, the magneto-hydrodynamic numerical simulation is
also analyzed and discussed. A brief summary is given in Section 4.

2 Experimental setup

The experiment was carried out at the ShenGuang-II Laser
Facility of the National Laboratory on High-Power Lasers and
Physics in Shanghai, China. Figure 1 shows a schematic diagram
of the experimental setup [48–50].

There were eight laser beams aimed at the center of the target
chamber, and each beam could deliver an energy of approximately
250 J with a pulse width of 1 ns at a wavelength of 351 nm (3ω). A
dual target was located at the center of the chamber. Both of the
targets had 2.0 × 2.0 mm2-sized copper bases, which were coated
with 200–500 μm-thick deuterated hydrocarbon (CD1.96H0.04)n
layers from Sigma-Aldrich Trading Co., Ltd., and contained
98 atom% D. The opposing layers on the target were separated
by a 4 mm distance between each other. The nanosecond lasers were
arranged as two sets (4 + 4), and each set had four lasers focusing on
one side of the dual target. The diameter of the focal spots was
approximately 150 μm, and the corresponding intensity was
approximately 6 × 1015 W/cm2. The counter-streaming plasma
flows were generated under such symmetric ablation conditions.
The center-of-mass energy of the nuclei increases accordingly, and
therefore, the reaction rate can be significantly enhanced, especially
in the sub-Coulomb barrier ranges. In the collider mechanism,
around 100 neutrons can be received by the detector for one
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laser shot. So, we used a TOF detection system with scintillation
detectors and oscilloscopes to record these neutrons arriving at the
detectors at the same time and avoid the strong electromagnetic
pulse (EMP) impact on the shooting time.

The interaction between the counter-streaming plasma flows
was measured with optical diagnostics, including Nomarski
interferometry and shadow graphics, by a 9th probe laser with a
duration of 70 ps and a wavelength of 526 nm. The probe laser
passed through the plasma interaction zone generated by the main
laser beams and achieved interference images. Meanwhile,
snapshots of the plasma at different times could be taken by
changing the delay time between the probe laser and the main lasers.

The scintillation detectors were coupled with photo-multiplier
tubes (PMTs) used for detecting neutrons. A liquid scintillation
detector EJ301 with a volume of (π/4) × 12.72 × 12.7 cm3 with PMT
ET9330B and a plastic scintillation detector BC420 with a volume of
40 × 10 × 10 cm3 with an ET9427B PMTs were placed on each side of
the scintillator. The two types of PMTs were manufactured by ET
Enterprises Ltd., of the United Kingdom. The scintillation detectors
were located outside the laser target chamber at different distances
(4.8 m for EJ301 and 4.5 m for BC420) and shielded by lead bricks
with a thickness of about 2 cm. The data of gamma and neutron
signals were recorded by using several oscilloscopes. With a start
signal from the main lasers, the neutrons’ time-of-fight (TOF)
spectra were recorded by oscilloscopes with bandwidths of
1 GHz. Each scintillator was set at a different distance from the
shooting target. For the calibration of a laser-driven neutron source,
we developed a direct calibration method with a gated fission
neutron source 252 [51]. Using the “PSD-TOF window” function,
which has the highest background-γ-rejection, we improved the

confidence level of the final results for both liquid and plastic
scintillators. After comparing with the result of the Compton
edge method and neutron beam method, the gated fusion
neutron source method achieves much cleaner neutron signals
and avoids some interference caused by the modeling accuracy of
the neutron detectors. This approach can be widely used in laser-
driven nuclear physics experiments with higher accuracy for
neutron detection.

3 Results and discussion

The delayed time of 1 ns when the plasma collides can be
determined from the shadow images. The plasma stream front’s
expanding velocity for this period was calculated to be vp ≃ 8.4 ×
105 m/s. It is possible to measure the deuterium ion motion at the
plasma’s front. Deuterium atoms have a kinetic energy of roughly
10 keV. As a result, the Gamow window of relevance in nuclear
astrophysics is not far from the center-of-mass energy of
deuterium ions in the laser–plasma collision. According to the
nuclear reaction theory, the neutrons generated by
deuterium–deuterium fusion at this low energy are quasi-
monoenergetic and have an angular distribution that is very
near to isotropic.

3.1 Neutron yields

The typical TOF spectra from one of the liquid scintillators are
shown in Figure 2. The first peak at around 300 ns represents the

FIGURE 1
Schematic layout of the experimental setup. Four laser beams were tuned to focus on the target on one side and another four on the opposite side.
The densities of the plasmas were recorded using the probe laser and a Nomarski interferometer. Neutron signals were characterized by scintillation
detectors at different distances.
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photon signal generated when the main laser pulse irradiates the
targets. These photons usually contain different frequency bands,
including radio frequency, visible light, X-ray, and gamma-ray,
generated when the main lasers hit the targets. Since most X-ray
and gamma-ray emissions in atoms or nuclei have a duration time of
less than 1 ns, these photons are expected to arrive at the detectors as
a ns-width pulse, which is same as that of the original driving laser.
The second peak represents the neutron products. The neutron from
the D(d, n)3He reaction has an energy of En = 2.45 MeV,
corresponding to a speed of 2.16 cm/ns, which is much smaller
than that of the photons (30 cm/ns). In a non-relativistic case, the
time for a neutron with energy En and massmn to travel the distance
L is

t � L

v
� L���

2En
mn

√ , (1)

where v is the speed of neutron flight. Once time t is measured
experimentally, the energy of the neutron can be calculated as

En � mn

2
L

t
( )2

. (2)

In laser–plasma experiments, it is convenient to use the
bremsstrahlung γ-ray pulses emitted instantaneously at the target
to determine the precise take-off time and arrival signal. Thus, we
have

En � mn

2
1

t′
L + 1

c

( )2

, (3)

where t′ is the time between the γ-ray signal and the neutron arrival
signal and c is the speed of light. There is excellent agreement
between the measured neutron speed and the known 2.45 MeV
neutron speed at various detector locations.

Because it immediately affects the accuracy of the experimental
results, the scintillator detector system’s neutron signal calibration
accuracy is crucial. As stated in Section 2, the detection system was
calibrated using three different techniques: the direct calibration
method using a neutron beam, the indirect calibration method using
a Compton edge, and the direct calibration method using a gated
fission neutron source 252Cf.We calibrate the TOF neutron detection
for this experiment using the data on neutron signals captured by
several oscilloscopes using the gated fusion neutron source
technique. The calibration findings of EJ301 and BC420 detectors
are shown in Table 1, along with their uncertainty percentages of
46% and 50%, respectively.

The neutron results of the high-energy ns laser-driven D–D
fusion reaction experiment with nanowire targets were originally
obtained after data sampling correction, solid angle correction,
efficiency correction, shielding correction, and simulation
correction. The transmittance of a 2.45 MeV neutron incident on
a 2 cm lead shielding thickness is simulated by the GEANT4 codes
10. 2. p01 as 84.9% percent. Additionally, the 2.45 MeV neutron
incident effectiveness for the BC420 and EJ301 detectors was 87.3%
and 24.5%, respectively. The simulation error, which is connected to
the cross-section database’s uncertainty, is estimated within 5%. The
precise time, or the precise distance of the neutron traveling from the
target to the detectors, can be determined from the delay between
the initial gamma and neutron signals. Hence, the solid angles for
EJ301 and BC420 are 4.4 × 10−5 and 1.6 × 10−5, respectively. Because
of the shocks at the starting point, there may be a 1 percent margin of
error when determining the starting position of the gamma and
neutron peak. One percent of the flying distance’s uncertainty will be
transferred to the solid angle.

The uncertainty in the neutron area sampling (due to the shocks
at the starting position and accounting for the duration of the tailing
of the neutron peak) is around 10%. The total systematical

FIGURE 2
Typical TOF spectra come from the liquid scintillation detector 4.8 m away from the target.
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TABLE 1 Calibration with different methods for deuterium–deuterium neutron detectors.

Scintillator Voltage Neutron beam Compton edge Gated fusion

(V) Areaa σb (%) Area σ (%) Area σ (%)

Liquid EJ301 −1,600 0.88 350 1.08 64 0.93 46

Plastic BC420 −1,300 —c 0.58 76 0.65 50

aThe unit of Area (average area) of a single neutron peak is ns·V.
bσ represents the relative uncertainty of average results for a single neutron calibration.
cPlastic scintillator BC420 does not have a PSD function and cannot derive neutron signals from gamma.

TABLE 2 Results of average neutron yields for deuterium–deuterium fusion reaction with EJ301 and BC420 detection. The fourth and fifth columns provide the
statistical uncertainty of neutron detection of EJ301 and BC420. The systematical uncertainty is 47% for EJ301 and 51% for BC420, respectively.

Target Wire length (μm) Wire radius (nm) Yield (EJ301) × 106 Yield (BC420) × 106

Nanowire 5 500 2.4 ± 0.5 3.3 ± 0.2

3.3 ± 0.6 2.7 ± 0.2

Nanowire 200 3.9 ± 0.6 1.7 ± 0.1

3.9 ± 0.6 2.0 ± 0.1

Nanowire 10 500 6.5 ± 0.8 3.9 ± 0.2

2.8 ± 0.5 2.9 ± 0.2

Nanowire 200 3.0 ± 0.5 1.7 ± 0.1

3.8 ± 0.6 3.1 ± 0.2

Normal planar 4.3 ± 0.6 2.9 ± 0.2

FIGURE 3
Neutron yields with the statistical uncertainty from EJ301 and BC420 detection and different target parameters. The circle represents the result of
EJ301 detection, and the square represents that of BC420. The black diamond represents the results of the numerical calculation with an optical
diagnostics approach for the second shot run. Different colors correspond to different target parameters.
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uncertainty of the neutron yield in this experiment was calculated
using the error transfer formula to be 47% for EJ301 and 51% for
BC420, respectively. It is also important to note that in the
experiment, a single sandwich target (with a nanowire inside)
and a single side target were also used. The fact that the
detectors in both situations were unable to produce the
appearance of neutron peaks, however, shows that the majority
of the neutron yields measured in the experiment come from the
nuclear reaction when expanding plasma streams from both sides
collide at the center of the dual targets in the vacuum chamber.
Table 2 displays the overall average neutron yields for each shot with
the statistical uncertainty.

The neutron yield for various target specifications is displayed in
Figure 3 at the same order of 106 per shot. Except for the fluctuations
in the results of the fifth shot run, all other data points are at the
same level of approximately 3 × 106/shot, which indicates that the
efficiency of laser coupling to plasma is practically the same for
planar targets and nanowire targets with various parameters. The
results of EJ301 and BC420 at the same laser shot, however, differ
slightly because the plastic scintillator’s neutron signal peak falls
more quickly than EJ301, causing the γ and neutron signals to be
separated so that the error in the region beneath the neutron signal
peak is negligible. Meanwhile, the luminescent substance in the
liquid scintillator EJ301 has three different main components for
mean decay times, so the longest component causes the γ signal to
form a tail to a large extent. The neutron signal, which is influenced
by the electronics of the significant γ signal, is typically at the tail of
the strong γ peak. Since the response signal of liquid one is less stable
than that of the plastic scintillator BC420, there is uncertainty in
identifying the region beneath the peak of the neutron signal. To
suppress the γ signal in the experiment, the target substrate material
and lead shielding must be taken into account. When the γ signal is
easily distinguished from the neutron signal, the electronic deviation
can be minimized.

The detected neutrons contain three sources: the initial laser-
induced plasma (Np), the beam-target (cold) reaction (Nb), and the
center region where two plasma streams meet (Nc). The aggregate of
the three sources represents the overall fusion yield: Ntotal = Np + Nb

+ Nc. The Np can be accomplished with the experiment of dual
targets setup as one side target with a CD layer and the opposite one
without a CD layer, and Nb with a single side target setup with a CD
layer while maintaining laser parameters. The experimental results
show that Np and Nb can both be ignored. Moreover, the quantity of
neutron yields decreased by nearly two orders of magnitude when a
target surface was rotated by 5° on one side compared to that of the
180° collision target. A conclusion can be drawn: most of the fusion
yields are produced by impacts between opposing plasma streams.
So, Ntotal is mostly from the Nc, that is the plasma stream collision. In
the experimental energy range, both the carbon and deuteron atoms
were completely energized (approximately 10 keV). With the
deuterated hydrocarbon layer material having 98 atom% D, the
ratio of C and D atoms in the CD material is 1: 1.96. Considering
that the plasma is electrically neutral on the um scale and that C ions
and D ions are almost completely ionized, the density of deuterons
in the plasma can be estimated to be

nD � 1.96
6 + 1.96

ne, (4)

where ne is the density of electrons in the plasma. From the data of
density, the D–D collision frequency can be estimated. The D–D
mean free path, λDD, can be written as follows [52]:

λDD � m2
D]412

4πZ4e4nD lnΛ12
, (5)

where mD is the mass of the deuteron, ]12 is the relative velocity of
the deuteron, Z is the deuteron’s charge, e is the elementary electric
charge, and lnΛ12 = 10 is the Coulomb logarithm of plasma [53].

From the plasma front edge of the shadow imaging, the relative
deuteron velocity ]12 is estimated as 2 × 8.4 × 105 m/s
(corresponding to Ecm of 14.7 keV). From Figure 4B, an upper
limit value of the electron density is chosen as 1 × 1020 cm−3. The
result of λDD calculated is larger than 26.4 mm, which is much larger
than the 4 mm distance between the two planes of the dual target.

For fusion center-of-mass energies greater than 14.7 keV in this
experiment configuration, the plasma is, therefore, collisionless. The
interference pictures captured by the Nomarski interferometer are
displayed in Figure 4. For this shot for calculation, a planar dual
target with a thickness of 500 μm CD layers (5 um length and
500 nm radius) on either side and a probing laser delay time of
1 ns in relation to the main laser was made. The dark area surrounds
the dual target on either side, indicating that the plasma density in
this area surpasses the threshold for probe laser propagation in the
plasma. The left and right plasma flow velocity vectors are also
indicated by green arrows. The yellow box region in Figure 4A was
subjected to the Abel inversion approach [54] to obtain the plasma
density distribution, which is shown in Figure 4B.

The front portion of the expanding plasma can be thought of as a
thin target with a quasi-thermal equilibrium of ions acting as a
collisionless plasma, as was already stated earlier. Additionally,
almost all neutrons can be thought of as the result of the nuclear
reaction between two colliding plasma streams, in which there is a
“relatively small” possibility that two deuterons will collide. With
these assumptions, a numerical calculation using the simplified
plasma dynamic model was performed to estimate the neutron
yields. We assume that the deuterons from one target can only
interact with those from the opposing side as two colliding
deuterium ions with velocities of ]1 and ]2 do so in the
laboratory system. The fusion yield can be written as follows [55]:

Y � ∫∫∫ n1 r1
→( )n2 r2

→( )σ ]1, ]2( )dr1→dr2
→dA, (6)

where r1
→ and r2

→ are vectors pointing to the integrated element from
the left and right target points, respectively. n1 and n2 are the
deuteron densities of the left and right sides, respectively. σ is the
deuterium–deuterium reaction cross section. A is the section area of
the colliding streams. The cross section is related to the center-of-
mass energy of the two colliding deuterium ions:

σ Ecm( ) � S Ecm( )exp −2πη( )/ Ecm( ), (7)
where Ecm � m(]1 + ]2)2/4 is the center-of-mass energy, S(Ecm) is
the astrophysical S-factor, and η � Z1Z2e2

Z(]1+]2) is the Sommerfeld
parameter. A parameterized expression that takes the S factor in
numerical calculations [56] is shown as

σ Ecm( ) � 1
Ecm

S Ecm( )exp −BG���
Ecm

√ , (8)
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where BG � 31.397
����
keV

√
is the Gamow constant. The electron

density distribution is derived from an experimental
interferogram by the Abel inversion approach. The deuteron
density, as a function of time and position, is calculated from
electron density according to Eq. 4. The ion speed ] is simplified
as a constant in the collisionless regime, i.e., ] = z/t0, where t0 is the
delayed time (2 ns in this case) of the probe laser and z is the distance
to the target.

As a result, the entire plasma plane was integrated, as shown in
Eq. 6, to produce the complete reaction yield. The neutron yield
from the D–D reaction at various speeds in the plasma environment
is shown in Figure 5, given the presumptions mentioned earlier. It is
discovered that as Ecm increases, the cross section grows, while the
number of ions (N) increases and drops. Thus, as seen by the solid
blue line in Figure 5, the majority of the neutron yields come from

the Ecm energy range of 10–30 keV. Thus, it provides a useful
experimental method for nuclear reactions in plasma
environments with energy regions of interest in nuclear
astrophysics.

The distance between the dual target’s two surfaces is the main
source of computation uncertainty. The information regarding
target distance will be crucial when determining the plasma
expansion velocity and ion energy. The target rods’ bending
deformation will result in a shorter distance than the intended
standard distance of 4 mm. The distance is predicted to be between
2.5 and 3 mm because the nanowire layers on one side of the shot are
500 um thick. As a result, the neutron yield is computed at intervals
of 0.1 mm for targets that are 2.5–3 mm away. In addition, the
average value of the calculated neutron yield with standard deviation
for this shot run is (2.8 ± 1.6) × 106, which agrees well with the
experimental detection results shown in Table 2 and Figure 3.

The process of resolving interference images shown in
Figure 4A, carrying out Abel inversion and getting the two-
dimensional density distribution of plasma, may result in a
substantial amount of uncertainty due to the inadequacies of
interference diagnosis techniques for plasma at present. The
offset of the interference fringes is modest when the probe laser
passes over the center reaction area between the dual targets, but
speckle noise in the interference image is rather high, and thus, the
computed density will have a large uncertainty. The neutron yield
will be significantly affected by even small changes in the plasma
density. Additionally, the physical model used in the article is still
uncomplicated. Even though the primary physical properties of
collisionless plasma are taken into account, some physical
processes, including convection and filamentation function, may
have some influence on the density distribution of the plasma. In
addition, the computation does not take into account the plasma’s
own magnetic field. A circular magnetic field created by two
colliding plasma streams has already been seen and described
[57] under circumstances that are comparable to our experiment,
and the magnetic field can be as strong as 10 T. Deuterium ions
having energies of several keV will be deflected under such a

FIGURE 4
(A) Typical Nomarski interferogram of the plasma streams (green arrows) from one shot run calculation. The original position of the dual target is
displayed by two blue dashed lines. (B) The corresponding electron density distribution from the area is marked with a yellow box of the interferogram,
derived by the Abel inversion approach.

FIGURE 5
Neutron yield contributed by deuterium ions with different Ecm
energies. Three data lines are shown in this chart: the number of the
ions from the experimental diagnostic (the dotted green line), the D(d,
n)3He cross section (the dashed red line), and the calculated
neutron yield (the solid blue line).
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FIGURE 6
The velocity and density distributions of the ions in the plasma, as well as the evolution of the plasma over time, have a significant impact on the
numerical calculation of nuclear reaction yields. By precisely determining the number of ions involved in nuclear reactions and their reaction cross
sections, higher calculation accuracy can be attained. This can be achieved by increasing the quality of diagnostic data, such as by upgrading the energy
and contrast of the probe laser or collecting multiple interference images continuously for one shot. In addition, the ability to reconstruct the
physical process of plasma collisions will be substantially enhanced if more diagnostic techniques can be developed, such as monitoring the interior
temperature and magnetic field of the plasma. Evolution of planar (A, C, E, G) and nanowire (B, D, F, H) targets’ plasma parameters of ions’ density
(A, B, E, F) and temperature (C, D, G, H) at the initial moment (A–D) and 0.1 ns (E–H).

FIGURE 7
Velocity, temperature, and density profiles of the nanowire target were compared with those of the planar target at 0.1 ns (A–C) and 1.0 ns (D–F),
respectively.
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magnetic field intensity, adding to the difference between the
reaction yield and the expected value.

3.2 Discussion

The aforestated experimental findings demonstrate that little
difference exists between the nanowire targets used in these
experiments and planar targets. The nanowire’s influence is less
obvious in the experimental results of using a ns laser than in the
performance variation resulting from using a ps/fs laser. Within a
few ps, the nanowire’s high-density and -temperature regions
dissipate into the background plasma. Thus, this advantage is not
maintained under a longer time scale.

The MHD code FLASH [58] was used to simulate the evolution
of planar and nanowire targets’ plasma parameters of ions’ density
and temperature at the initial moment and 0.1 ns. The simulation
result is shown in Figure 6. The velocity, temperature, and density
profiles of the nanowire target compared with those of the planar
target at 0.1 and 1.0 ns are shown in Figure 7. When the ns laser
irradiates the wire target with our experiment parameters, the long
pulse laser causes the expansion of the target so that the target
surface reaches the critical density before the end of the laser pulse.
The laser cannot directly interact with the depth of the wire target at
10 ps after the shooting time. When the time reaches 0.1 ns, the
distribution of density, velocity, and temperature of plasma
electrons almost kept the same. Only within the early dynamics
of laser target interaction, around 10 ps, the energy absorption
efficiency of the nanowire target was superior to that of the planar
target. However, this tiny fraction would be smeared and negligible
in the following long-term laser–plasma interaction, around ns.

When an ultra-short intense laser pulse is applied, the electrons are
quickly expelled away, while the deuterium ions mainly remain in place
and maintain their structure without being scattered. Deuterium ions
experience a Coulomb explosion in a matter of nanoseconds, colliding
with other deuterium ions created by other nearby nanowires to
produce a significant number of nuclear reaction events. In contrast,
for long-term andmoderate intense laser pulses, the electrons are slowly
driven away and, as a result, the space between nearby nanowires
gradually fills with plasma. Deuterium ions are released in the 4π-
direction. Additionally, the production of plasma in the first few
picoseconds reflects the remainder of the laser pulse, transforming
the nanowire target into a target with circumstances comparable to a
planar target under fs or ps laser irradiation. As such, in contrast with
ultra-short pulse lasers, the efficiency of using ordinary nanowire targets
in improving the energy conversion efficiency between the laser and
plasma is not significant.

This experiment’s neutron yield amounted to 106 per shot. The
temperature density augmentation of the plasma under the ns laser is
not sufficiently maintained by the nanowire, and the nanowire has no
impact on the outcome of the nuclear reaction on the ns scale. It is
necessary to conduct more research on the electronic impact of the
significant γ signal on the liquid scintillation neutron signal amplitude.
The most crucial step is to model the processes of laser targeting and
plasma collisions using a hydrodynamic program that incorporates
equation of state parameters and experimental data for physical
analysis. We are developing the program in the hope of obtaining
semi-quantitative information on the cross section of

deuterium–deuterium-related reactions in harsh conditions. Further
simulation is required to investigate the possibility of designing a
microstructured target with a “burning” time scale on the order of
ns, which is likely to produce outcomes that are distinct from those of
conventional targets.

4 Summary

In summary, the experiment, based on the nanosecond laser with
an energy of 2 kJ irradiation on a nanowire target to generate two
colliding plasma jets and then induce nuclear reactions, was carried out
for the first time. From the perspective of nuclear reaction products, the
effect of the interaction between the ns laser and nanowire target on
energy conversion efficiency was investigated. The experimental
detection and numerical calculation results agree well and show that
whether it is a nanowire target or a normal planar target, the neutron
yields are at the same order of 106 per shot. Thismeans that the use of ns
lasers cannot enhance the energy conversion efficiency between the
laser and the target by interacting with nanowire targets, as is the case
with the use of fs or ps lasers. Combining the experimental results and
the magneto-hydrodynamic numerical simulation results, we suspect
that the nanowire target only absorbs laser efficiently during the first few
picoseconds during the whole process. Then, with the formation of
plasma surpassing the critical density on the surface of the nanowire
target, the laser is reflected instead of being absorbed. Usingmicrometer
or even millimeter scale structure targets may be more suitable for the
kJ-ns laser system to improve the laser absorption efficiency. Artificial
nanowire structures should be investigated further to improve the
targets’ laser-absorbing efficiency. We are currently studying this
possibility. It is well known that in nuclear astrophysics, the
interaction of ns lasers with solid targets is well suited to generate
extreme plasma environments with energies ranging from a few keV to
hundreds of keV, especially the Gamow window. According to the
previous discussion, further improvement of plasma diagnostic
technology is the key to a more accurate understanding of the
process and mechanism of laser-driven nuclear reaction and to
obtain a more accurate cross section of laser-driven nuclear
reactions in plasma. Our experimental results and numerical
simulations can serve as a reference to establish better such
experimental conditions in the future.
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